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Beaches occur when sediment is available and where accommodation space exists for the 
sediments to settle and accumulate. Beaches that occur within one coastal cell share the 
same oceanographic forcing climate, essentially related to waves and tides, and the same 
distribution and intensity of sources and sinks of sediment. However, contrasting beach 
forms and dynamics are frequent along the same coastal cell, leading to the questioning 
of what other factors are controlling beach morphodynamics. 
Conceptual models have been developed and are very useful in describing and classifying 
beaches according to the characteristics of the incoming waves and beach sediments or 
morphology. Still, several studies suggest that site-specific characteristics, such as the 
geology, geomorphology or even the human-induced framework of beaches, can play a 
determinant role in beach systems’ behavior and evolution. However, the majority of 
studies focusing on the role of geomorphological framework on beach dynamics, address 
cases sharing the same general characteristics. 
This thesis focused on how the geomorphological framework interacts with the available 
coastal sediments and controls the subaerial beach configuration and responses. It 
investigates a myriad of beach geomorphological conditions along a high-energy coastal 
stretch that is under the influence of the same general deepwater wave regime. By 
comparing the morphodynamic response of adjacent constrained and unconstrained, 
platform and no-platform beaches, exposed to the same offshore forcing conditions, the 
present work provides new insights on the role of the geomorphological settings on 
beach dynamics.  
The central hypothesis of this study was formulated as follows: the geomorphological 
constraints and the local settings of beaches are the primary drivers for the varying 
temporal and spatial groupings of morphological responses. In order to verify this, work 
was carried out at the seasonal scale, under modal process-response conditions, and over 
a two and a half year period, along 14 selected beach sites representative of a 200 km 
coastal stretch. The study was divided in three major components: 1) geomorphological 
framework; 2) beach response; and 3) hydrodynamic forcing.  
Geomorphological framework was analyzed in terms of planform geometry and 
description of physical boundaries, and type of nearshore and backshore features present 
at each study site. Beach response investigation relied upon regular field sampling 
planned to ensure accurate and representative data collection on subaerial beach 
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morphology and sediments. A total of 52 beach profiles were monitored quarterly along 
the study area. The hydrodynamic forcing description included characterization of the 
deepwater and nearshore wave regimes at each study site and made use of numerical 
modelling of wave propagation. In addition, total water levels were computed for each 
site. The overall results were further explored to derive metrics and investigate and 
detect spatial organizations related to the geomorphological settings. 
The geomorphological framework analysis attests to the high variability of settings in 
which the studied beaches occur. These include several combinations between nearshore 
and backshore type of features, physical boundaries and subsequent wave obliquities and 
degrees of indentation. Beach response was analyzed in terms of geoindicators, which 
were used to evaluate and describe the study sites’ seasonal behavior. Results show that 
the magnitude of seasonal change between study sites varied considerably, in relative as 
well as absolute terms, especially regarding the morphological geoindicators. The 
hydrodynamic forcing included the analysis of a 36-year time series, used to describe the 
typical modal and storm regimes, and of a two and a half years subset, synoptic of the 
sediment and morphological field surveys. Results show that the study period was 
appropriate to characterize the modal process-response conditions, descriptive of a 
period with no extreme events. They also highlight the differences between sites exposed 
to higher and lower waves and total water level regimes.  
The exploratory analyses of the data showed no linear relationship between forcing, 
controlling and response variables. However, it put in evidence the existence of clusters 
of beaches sharing similarities in types of boundaries. Beaches with rocky platforms 
experienced low volumetric variation, consistently lower than beaches with no rocky 
platform. In addition, within the no-platform beaches, those with the higher degree of 
embaymentization, varied the most. 
A conceptual model of the subaerial beach dynamics as a function of the 
geomorphological framework is put forth, in which the magnitude of beach variation is 
controlled by: 1) the presence of a rocky platform; and 2) in no-platform beaches, by the 
degree of embayment and its impact on beach circulation.  
It is suggested that the presence of a permanent and rigid obstacle in the surf zone, such 
as a rocky platform, limits the range of broken wave characteristics reaching the subaerial 
beach, and thus the amount of volumetric variation. On the other hand, beaches 
characterized by a mobile substrate (no-platform beaches) can present a variety of 
morphological features in the surf zone, and are expected to allow for a wider range of 
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broken wave conditions and subsequent effects on the subaerial beach, including higher 
volumetric changes.  
Within the no-platform beaches, subaerial volume variations increase with the degree of 
embaymentization. Unconstrained beaches have open lateral boundaries, and therefore 
see their cross-shore morphology and volume vary mostly with the cross-shore sediment 
exchanges, that are expected to be small under modal conditions. The constrained 
beaches (with higher degree of embaymentization) on the other hand, are bounded 
laterally and therefore are prone to beach rotation processes (and subsequent higher 
volume variation) promoted by longshore sediment transport that occurs under modal 
conditions.  
The conceptual model herein proposed departs from existing morphodynamic models 
that apply only to unconstrained beaches. It incorporates both unconstrained and 
constrained beaches and relates the constraining boundaries (both lateral and vertical) 
to the beach subaerial dynamics. It provides a first description on how the 
geomorphological framework controls subaerial beach dynamics, and hopefully can be 
developed and evaluated further. 
  








As praias formam-se onde existe espaço de acomodação e sedimento disponível para se 
depositar e acumular. As praias que ocorrem na mesma célula sedimentar partilham do 
mesmo forçamento oceanográfico, essencialmente relacionado com as ondas e marés, e 
da mesma distribuição e magnitude de fontes e sumidouros de sedimentos. No entanto, é 
frequente encontrar praias com formas e dinâmicas contrastantes ao longo da mesma 
célula sedimentar, sugerindo a existência de outros fatores controladores da 
morfodinâmica das praias. 
Os modelos conceptuais existentes são muito úteis na descrição e classificação de praias, 
agrupando-as, de uma forma generalista, de acordo com as características da agitação, e 
do sistema (morfologia e sedimentos). Ainda assim, são vários os estudos que sugerem 
que as características específicas locais, como a geologia, a geomorfologia ou mesmo a 
presença de estruturas de engenharia, podem desempenhar um papel determinante no 
comportamento e na evolução dos sistemas de praia. No entanto, a maioria dos trabalhos 
que estudam a influência do contexto geomorfológico na dinâmica das praias, abordam 
casos de estudo que partilham das mesmas características locais. 
Este trabalho procurou avaliar de que forma o contexto geomorfológico interage com os 
sedimentos disponíveis e condiciona a configuração e dinâmica da praia subaérea. Foi 
avaliado um número considerável de praias com diferentes contextos geomorfológicos, 
localizadas ao longo de um troço litoral de alta energia, e sob a influência do mesmo 
regime de agitação ao largo. A comparação entre praias adjacentes, encaixadas e abertas, 
com e sem plataforma rochosa, e expostas às mesmas condições de forçamento 
oceanográfico, corresponde a uma abordagem nova que pode ajudar a melhor 
compreender o papel do contexto geomorfológico na dinâmica das praias. 
A hipótese central deste estudo foi formulada da seguinte forma: o contexto 
geomorfológico e configuração local das praias são os principais fatores condicionantes dos 
diferentes agrupamentos espaciais e temporais que se observam nas respostas morfológicas 
das praias. Para testar esta hipótese, o estudo foi efetuado à escala sazonal, em condições 
modais de processo-resposta, e ao longo de dois anos e meio, em 14 praias selecionadas, 
representativas de um troço costeiro de 200 km. O estudo foi dividido em três 
componentes principais: 1) contexto geomorfológico; 2) resposta da praia; e 3) 
forçamento hidrodinâmico. 
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O contexto geomorfológico foi analisado em termos da geometria plana da praia e 
descrição dos seus limites físicos, e tipo de estruturas presentes na alta e baixa praia em 
cada local de estudo. A descrição da resposta da praia baseou-se em campanhas de campo 
com levantamentos da morfologia e recolha de sedimentos, feitas com caráter regular, de 
acordo com protocolos estabelecidos para o efeito. Um total de 52 perfis de praia foram 
monitorizados trimestralmente ao longo da área de estudo. A descrição do forçamento 
hidrodinâmico incluiu a caracterização dos regimes de agitação em águas profundas e 
agitação local, e recorreu a modelação numérica para a propagação das ondas. 
Adicionalmente, calcularam-se os níveis totais de água para cada local. Os resultados das 
várias componentes foram analisados conjuntamente e explorados por forma a detetar 
organizações espaciais das praias relacionadas com o contexto geomorfológico. 
Da análise do contexto geomorfológico resulta a descrição da variabilidade das 
configurações locais nas quais as praias estudadas ocorrem. Estas incluem várias 
combinações entre os tipos de estruturas presentes na alta e baixa praia, configuração 
dos limites físicos e, consequentes obliquidades das ondas e graus de indentação. A 
resposta da praia foi analisada em termos de geoindicadores que foram utilizados para 
avaliar e descrever o comportamento sazonal dos locais de estudo. Os resultados 
mostram que a magnitude da variação sazonal varia consideravelmente entre os locais 
de estudo, em termos relativos e absolutos, especialmente no que diz respeito aos 
geoindicadores morfológicos. O forçamento hidrodinâmico incluiu a análise de uma série 
temporal de 36 anos, usada para descrever os regimes típicos de tempestades e modais, 
e de um subconjunto de dois anos e meio, sinótico das campanhas de campo. Os 
resultados indicam que o período de estudo foi apropriado para caracterizar as condições 
modais de processo-resposta, num período sem ocorrência de eventos extremos. Os 
dados revelaram ainda as diferenças entre os locais mais expostos e mais abrigados da 
agitação. 
A análise exploratória dos dados não apresentou quaisquer relações lineares entre as 
variáveis de forçamento, condicionantes e de resposta. No entanto, evidenciou a 
existência de agrupamentos de praias com semelhanças no tipo de limites físicos. Praias 
com plataformas rochosas apresentaram valores de variação volumétrica reduzidos, 
consistentemente inferiores aos das praias sem plataforma rochosa. Adicionalmente, 
entre as praias sem plataforma, aquelas com maior grau de indentação, variaram mais. 
É apresentado um modelo conceptual da dinâmica da praia subaérea, em função do 
contexto geomorfológico, em que a magnitude da variação volumétrica da praia é 
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controlada por: 1) a presença de uma plataforma rochosa; e 2) em praias sem plataforma, 
pelo grau de indentação e o seu impacto na circulação da praia. 
Sugere-se que a presença de um obstáculo permanente e rígido na zona de espalho, como 
uma plataforma rochosa, limita a amplitude das características das ondas quebradas que 
atingem a praia subaérea e, portanto, a magnitude das variações volumétricas induzidas. 
Por outro lado, as praias caracterizadas por um substrato móvel (praias sem plataforma) 
podem apresentar uma maior variedade de estruturas e características morfológicas na 
zona de espalho, permitindo uma maior gama de condições de ondas quebradas e 
subsequentes efeitos na praia subaérea, incluindo maiores variações volumétricas. 
Nas praias sem plataforma, as variações volumétricas aumentam com o grau de 
indentação e o seu impacto na circulação da praia. As praias consideradas abertas, sem 
limites laterais, vêem a sua morfologia e volume variar principalmente com as trocas 
transversais de sedimentos, que se estimam de reduzida magnitude em condições 
modais. As praias encaixadas (com maior grau de indentação), por outro lado, são 
delimitadas lateralmente e, portanto, são propensas a processos de rotação de praia (e 
subsequente maior variação volumétrica) promovidos pelos processos de transporte 
longilitoral de sedimentos que ocorrem sob condições modais. 
O modelo conceptual proposto no âmbito deste trabalho parte dos modelos 
morfodinâmicos existentes, e procura incluir praias com fronteiras e limites físicos com 
impacto na circulação da praia. O modelo inclui praias abertas e encaixadas, e relaciona 
os limites físicos (tanto laterais quanto verticais) com a dinâmica da praia subaérea. O 
presente trabalho procura descrever de que forma o contexto geomorfológico condiciona 
a dinâmica da praia subaérea e, espero, apresenta um ponto de partida para futuros 
trabalhos nesta temática. 
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Chapter 1. Introduction 
The scope of the thesis and the motivation that led to its development is presented, and a 
comprehensive state of knowledge on the subject is made through reporting of the 
previous research. Lastly, the objective of the thesis and outline of the manuscript is 
presented. 
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1.1 Motivation and scope of the thesis 
It’s a matter of scale. The most common way of handling and classifying the coast for 
research or management purposes is to define coastal stretches of similar characteristics, 
or limited by well-defined physical boundaries. This is normally done at the regional 
scale, considering alongshore components on the order of tens or hundreds of kilometers, 
and is helpful in defining coastal cells wherein sediment is mobilized, transported and 
deposited along pathways. Beaches occur when sediment is available and where 
accommodation space exists for the sediments to settle and accumulate, and beaches that 
occur within one coastal cell share the same (oceanographic) forcing climate, essentially 
related to waves and tides, and the same distribution and intensity of sources and sinks 
of sediment.  
When one increases the scale of observation, the irregular characteristics of the coast 
become obvious, and the contiguous segments of coast can be very different, even though 
they are part of the same broad coastal cell. The coastal features can change from 
continuous long beaches to pocket beaches, or from beaches with underlying platforms 
to rocky cliffs, within a short distance, on the order of tens to hundreds of meters. And 
even between morphologically similar segments, such as two enclosed beaches, the 
morphodynamic behavior is often different. One beach might vary considerably between 
summer and winter whereas another, close by, might be surprisingly stable, with modest 
changes through time. 
The wide range of beaches of different shapes and materials that occur around the world 
in different environments and geomorphological settings are well documented and most 
coastal scientists, or even non-scientists, are aware that beaches have combinations of 
similarities and differences that are both generic and site-specific. Moreover, there is a 
pattern of temporal variability of the morphological response of beaches that is based on 
seasonal contrasts that have patterns of re-occurrence, responding to the changes of the 
incident wave regime.   
But, for the same regional settings, for the same general sediment sources and sinks, and 
for the same offshore wave regime, why do beaches occur only in specific places and have 
different form and behavior? Contrasting beach forms and occurrences are especially 
evident along crenulated coasts, where beaches constrained by physical boundaries exist, 
and in these cases, availability of accommodation space for the beach to develop seems 
to be the principal controlling factor. Also, at local scales, the nearshore wave regime is 
often site-specific, and the existing sediment sources and sinks are normally unevenly 
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distributed along the coast. All of these aspects are controlled by the geomorphological 
framework of the system, herein used to describe the three-dimensional settings, 
including geological and anthropogenic features where the waves and sediments interact 
to form a beach. Two major reference textbooks on beach dynamics, written 40 years 
apart, refer, in their own terms, to the geomorphological framework and its role in the 
beach morphodynamics: 
In King (1959): “The character of the foundation on which this incoherent beach 
material rests is also relevant to the study of the beach. Its gradient, height in 
relation to mean sea level and its permeability are important, while its resistance 
to erosion is significant in the general rate of development of the coastline.” 
In Short (1999): “Beaches are dynamic sedimentary systems which require a 
number of boundary conditions and external inputs. While waves and sediment are 
essential for beach formation, a sub-surface boundary or base is required for the 
beach to rest on. The three-dimensional morphology of this surface or 
‘accommodation space’ is critical to the formation and maintenance of the beach.” 
Despite the myriad of beach forms and settings, conceptual models have been developed 
to describe beach morphology and dynamics and are very useful in classifying beaches 
with the same general morphological configuration (e.g. Wright and Short, 1984; 
Masselink and Short, 1993; Silvester and Hsu, 1993). The most important factor these and 
other authors have found to determine beach differentiation is the nearshore and local 
wave regime. Therefore, beach classification generally focuses on the nearshore and 
foreshore description and seldom addresses and explains the backshore and subaerial 
portion of the beach. This is however, the most important part of the beach system for 
coastal management: for estimation of beach recreation area and associated uses, and for 
erosion and overwash-related risk assessment and beach nourishment planning. These 
applications are the reasons that motivate the implementation of monitoring programs 
undertaken by coastal management authorities that use these data to inform strategic 
studies, plan management intervention, or check compliance with environmental 
requirements. This was the case for the Portuguese Environment Agency District 
Administration (Administração de Região Hidrográfica - ARH, Agência Portuguesa do 
Ambiente – APA, I.P.) in the area covered by the Tagus River Basin. A 2.5 year project was 
developed to monitor beaches along a 200 km-long coastal stretch, and the first step was 
to select the study sites to conduct the analysis and achieve the program’s objective. 
Fourteen sites were selected based on the agency’s needs for dimensional data on specific 
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beaches (areas of special concern), but also, and importantly, based on their 
representativeness of the overall study area. The assumption that beaches had different 
physical constraints and settings, and therefore were morphologically different and 
responded differently, was a logical component of the project design, but, it also became 
the basis for a hypothesis that, albeit intuitive, should be pursued.  
The present work was developed in the frame of the APA’s monitoring program, taking 
advantage of the exceptionally extensive study area and amount of collected data, and 
was set up to determine to what degree the geomorphological framework controls beach 
dynamics within the same regional area. 
 
1.2 Previous research 
The research literature on beaches and their process-response mechanism is extensive 
and widespread, covering diverse environments and settings, from low-lying extensive 
beach-dune systems, to small enclosed pocket beaches. The current state of knowledge 
on beach morphology and sediment dynamics is such, that variability of these systems in 
space and time, in response to the major forcing factors, is fairly well described. In fact, a 
number of models are widely used to predict beach evolution and are being applied to 
coastal erosion and risk management (e.g. Larson et al., 2004; Ferreira et al., 2006; Silva 
and Coelho, 2007; Davidson and Turner, 2009; Mather et al., 2011).  
Most of these models, however, suggest that site-specific characteristics, such as the 
geology, geomorphology or even the human-induced framework, can play a determinant 
role in the system’s behavior and evolution (Jackson and Nordstrom, 1992; Riggs et al., 
1995; Larson et al., 2002; Jackson and Cooper, 2009; Loureiro et al., 2009; Psuty et al., 
2016). Furthermore, some of the widely-used parameters to describe and classify beach 
equilibrium and morphodynamic state have sometimes been found to be inapplicable to 
some beaches (Pilkey et al., 1993; Thieler et al., 1995; Klein and Menezes, 2001; Loureiro 
et al., 2013), suggesting that other controls, such as the inherited geological framework, 
are more important determinants of beach morphology than contemporary dynamics 
(Jackson et al., 2005). Overall, controls are important at the local and regional scale of 
coastal processes and impose constraints on the sediment transport pathways (Larson et 
al., 2002). Coastal change is not merely a response to the hydrodynamic conditions, but 
rather it is a reaction to these driving physical agents as they interact with an often 
restrictive and inherited geological framework (Harris et al., 2005).  
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Site-specific controlling factors are especially important along crenulated coasts, where 
natural headlands, rocky platforms and coastal cliffs add complexity to the shoreline and 
beach configuration. Jackson and Cooper (2009) presented a conceptual model in which 
beaches that co-exist along a coastal stretch may vary in morphological response due to 
differing lateral and submerged geological constraints. The authors suggest a 
classification based on the control that geology imposes to the beach profile volumes: 
Unconstrained; Semi-constrained; and Highly constrained beaches. This is however 
based on qualitative observations and the authors stress the need for further studies 
comparing the morphodynamic behavior of adjacent constrained and unconstrained 
beaches exposed to similar forcing conditions.  
Studies that focus on some dimension of the geomorphological framework and that 
conclude about the importance of the characteristics that bound the beach-system 
emerged in the 1970s. Particularly, studies that focused on the shoreface and mapping of 
the sea-floor geology and morphology provided description on earlier morphologies, 
such as pre-existing low-relief headlands, valleys, and ancient drainage systems (e.g. 
Demarest et al., 1981). The influence of inherited nearshore geologic framework on 
modern beach dynamics was demonstrated by several authors, especially on shoreline 
change patterns along coastal barrier systems (e.g. Belknap and Kraft, 1985; Riggs et al., 
1995; Thieler et al., 1995; Cleary et al., 1996; Schwab et al., 2000; Honeycutt and Krantz, 
2003; McNinch, 2004; Browder and McNinch, 2006; Schupp et al., 2006; Valvo et al. 2006; 
Khalil and Finkl, 2007; Backstrom et al., 2009; Lentz and Hapke, 2011; Cooper et al., 
2012).  
Beaches between two closely-located lateral boundaries often develop a curve-shaped 
shoreline and are referred to as headland bay beaches. Early it was realized that there 
was a correspondence between the beach planform and the incoming wave patterns and 
an extensive bibliography exists on the subject (e.g. Krumbein, 1944; Silvester, 1960; 
Yasso, 1965; Hsu et al., 1987; Silvester and Hsu, 1997; Short and Masselink, 1999; Klein 
et al., 2002; Ojeda and Guillén, 2008; Bowman et al. 2009; Pinto et al., 2009; Short, 2010; 
Silveira et al., 2010; Thomas et al., 2010; Daly et al., 2011; Gama et al., 2011; Harley et al., 
2011; Thomas et al., 2012; Bowman et al., 2014). Recently, Bowman et al. (2014) studied 
twenty-three pocket beaches encompassing the crenulated coast of Elba Island, in Italy, 
and proposed a logarithmic bay-shape classification tool to estimate the dimensional 
depth of embayments. Studies have generally focused on beach shape and planform and 
their equilibrium configuration, yet some authors have also highlighted the importance 
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of the geomorphological framework in their morphodynamics (Klein and Menezes, 2001; 
Loureiro et al., 2009, 2012; Dubois et al., 2011). 
Some studies focused on the effect of shore-perpendicular features that constitute lateral 
boundaries to the beach-system, and how these function as obstacles to longshore 
sediment transport (e.g. Jackson and Nordstrom, 1992; Badiei et al., 1994; Riggs et al., 
1995; Loureiro et al., 2012). Several authors have studied the impact of these boundaries 
on the littoral drift and associated sediment budget, and consequently beach behavior 
and shoreline change (Short and Masselink, 1999; Smith, 2001; Ribeiro et al., 2014; 
Ribeiro, 2017). 
The influence of underlying hard bottoms, such as rocky platforms, on beach dynamics, 
has received less consideration on such studies, although these features border many of 
the existing cliffed shorelines (Bird, 2000). Hard bottoms are non-erodible features that 
extend across the intertidal zone, that may consist of any type of rocky material or reef 
and exist in a wide range of environments (Larson and Kraus, 2000). Beaches that lie 
above these features are generally called platform beaches or perched beaches and these 
may be robust and permanent, or consist of a thin sheet of sand that intermittently gets 
transported offshore. Only recently, studies have started to focus on the effect of rocky 
platforms on beach dynamics dealing with storm response or sea level rise (e.g. Larson 
and Kraus, 2000; Trenhaile, 2004, 2016; Muñoz-Perez and Medina, 2010; Gallop, 2011, 
2012; Marshall and Stephenson, 2011; Jeanson et al., 2013; Kennedy and Milkins, 2014; 
Taborda and Ribeiro, 2015). The main conclusions of these studies point to the influence 
of the platform gradient and the availability of sediment in the system on beach dynamics. 
The most evident effect of the geomorphological constraints described above is the 
hampering of the incoming ocean wave energy, and a vast literature exists on the topic of 
sheltered beaches. Hegge et al. (1996) conducted a study of Southern Australia sheltered 
sandy beaches, many of them in embayments or fronted by reefs, and proposed a 
classification based on morphology and sediment characteristics that include the low-
energy beach types. Other studies on sheltered beaches determined the effect of site 
specific controls on beach dynamics and their prevailing influence over wave regime (e.g. 
Jackson and Nordstrom, 1992; Masselink and Pattiaratchi, 2001; Aleman et al., 2015). 
Other impacts, such as stream discharge and human-induced changes on coastal 
dynamics, have also been reported (Carrasco et al., 2012; Pranzini et al., 2013).  
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In general, studies on beaches that are somehow constrained indicate that, unlike open 
beaches where the process-response models can be fairly well explained by the wave and 
sediment characteristics, the behavior of these beaches is greatly influenced by the 
regional and site-specific physical constraints. These constraints operate in such a way 
that they probably function outside the bounds of existing morphodynamic models, as 
put forth by Jackson and Cooper (2009). The same limitation is valid for sea level rise 
impact tools that are generally developed for open coast sandy beaches with a doubtful 
applicability to beaches that develop on shore platforms (Taborda and Ribeiro, 2015). 
From the above bibliography, only some of the recent studies deal with the comparison 
of morphological dynamics between beaches with varying degree of constraints. Klein et 
al. (2002) studied short-term beach rotation processes, monthly and during 2 years, 
along three beaches with different lengths, degrees of curvature, and levels of exposure 
to the incident waves. The authors’ conclusions led to a vast list of factors influencing 
morphological changes along headland bay beaches: beach planform and indentation 
ratios, presence of rip currents and submerged bars, shoreline length, and beach type. 
The study by Anfuso et al. (2003) covered 14 km of sandy beaches along the southwest 
coast of Spain, and monitored 12 profiles monthly during 2 years. The analysis revealed 
an irregular longshore variation of morphodynamic beach states that the authors 
interpret to be a result of the presence of local rocky shoals. Besides the dissipative and 
low-reflective types of beaches, the authors identified a third type as rocky-shore 
platform beaches that recorded smaller variations.   
Short (2006, 2016) conducted a review of the systematic investigation of Australian 
beaches conducted from 1986 onwards, and of the beach models that resulted from this 
investigation. The author accounts for the relative relevance of waves, tides and 
sediment, together with geological control, in determining the type of beaches that occur 
along that extensive coastline. He added to the beach state classification of the process-
based models (wave-dominated - Wright and Short, 1984; tide-modified - Masselink and 
Short, 1993; and tide dominated - Short, 2006) two additional beach states to account for 
geologically-controlled beaches: reflective beaches with rock flats and reflective beaches 
with coral reef flats. 
Short and Masselink (1999) and Short (2010) put forth an embayment scaling parameter 
to account for the degree of embaymentization on beach dynamics. These authors list the 
following as the major impacts of the geological inheritance: 1) greater wave attenuation 
and lower breaker waves resulting in lower energy beach types; 2) greater wave 
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refraction, resulting in beaches that are more arcuate along the crenulated coast; 3) 
creation of topographically-controlled rips and megarips; and 4) interruption of 
longshore sand transport inducing beach rotation.  
Muñoz-Perez and Medina (2010) conducted intensive topo-bathymetric surveying 
during 5 years at a beach in the southern coast of Spain with varying alongshore 
characteristics: one profile crossed a zone of rocky flat outcrop (reef) and another profile 
crossed a sand-rich area. Results show that the reef-flat profile showed the steeper slope, 
smaller sand volume mobilized and slower accretion rate, compared to the non-protected 
profile. The authors suggest that the difference in beach morphological behavior is the 
result of the attenuation of the wave energy promoted by the reef flat.  
Gallop et al. (2011, 2012) found different responses for beach profiles that were fronted 
by rocky outcrops or reefs compared to those that were fronted by sandy substrate. 
However, the short period of analysis (1 week) and number of profiles (3 along a distance 
under 1 km) lessens the representability of the results.  
Gama et al. (2011) carried out seasonal surveys during a 2-year period along five 
embayed sandy beaches on the rocky coast of southwest Portugal. The authors analyzed 
beach planform configuration, wave climate, sediment grain size, volume changes, and 
morphologic and morphodynamic parameters. They concluded that the main factors 
controlling the beach morphodynamic state (according to the model by Wright and Short, 
1984) were the geological inheritance, the indention ratio, distance between headlands 
and the available sedimentary sources. 
Scott et al. (2011) assessed the applicability of the traditional beach classification models 
(Wright and Short, 1984; and Masselink and Short, 1993) to the coast of England and 
Wales using a data-set on morphological, sedimentological and hydrodynamic 
characteristics, as well as local environmental settings on 92 beaches. They differentiated 
9 beach types, and found that the morphodynamic parameters were effective in 
discriminating them. They also suggested that the presence of three-dimensional bar-rip 
morphology in intermediate beaches was controlled by wave power. The authors used 
time-averaged parameters that disregarded the variability in wave/tide/sediment 
conditions that drives beach change. Furthermore, geological or geomorphological 
controls were not accounted for in the classification methodology. 
Thomas et al. (2012) assessed beach profile response to external forcing along two 
adjacent embayed beaches, but with different backshore features, in West Wales. Beach 
- Geomorphological framework control on beach dynamics - 
 
 9 
profiles and sediments were collected annually during an 8-year period, along with 
hydrodynamic parameters. The authors suggested that the differences between the two 
beaches’ response to the same forcing climate were related with the geological and 
physical constraints, but did not explore the results further. 
Loureiro et al. (2012) conducted a 2-year study on 6 embayed beaches with varying levels 
of exposure to wave action and various degrees of geological control, in the rocky 
southwestern and southern coast Portugal. The authors demonstrated that natural 
geological boundaries constrained the morphological behavior of embayed beaches. Both 
lateral and vertical boundaries interfere with beach and nearshore dynamics by 
restraining longshore sediment transport and causing beach rotation, topographically-
controlled rip circulation, and limited profile fluctuation. A conceptual framework 
describing boundary effects on embayed beaches was proposed. 
In a different geographical and geological setting, Jeanson et al. (2013) carried out four 
field experiments to assess and compare the wave attenuation process promoted by a 
barrier reef and its implications on morphological changes of three pocket beaches. They 
found that beach morphological changes driven by the residual wave energy following 
reef attenuation were strongly affected by the degree of beach embayment. The low bay-
indented beaches were characterized by longshore sediment mobility that, according to 
this study, provided a rare example of inferred rotation of reef-fronted beaches. 
Kennedy and Milkins (2015) conducted topographical surveys along 48 profiles in two 
study areas in microtidal coastal Australia, allowing a range of platform morphologies to 
be investigated. The authors studied the morphological boundary conditions of beach 
accumulation and change and concluded that, in addition to sediment supply, sandy 
platform beaches in microtidal settings can be considered to be width- and elevation-
limited rather than slope-limited as found in mesotidal to macrotidal environments. 
Karunarathna et al. (2016) used statistical techniques to analyze and compare cross-
shore morphodynamic behavior of four beaches with different regional morphological 
settings, wave climate and sediment characteristics. The authors focused on the cross-
shore component of beach-profile data and found that the time-changes in profile shape 
relate to sediment characteristics across the profile. 
From the existing literature, one can define three major ways that the geomorphological 
framework is expected to influence the forcing mechanisms and the beach response, form 
and dynamics: 
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 By affecting the incoming waves, and influencing the nearshore time and space 
distribution of wave parameters; 
 By controlling the available space for the beach to migrate and expand, both  
spatially and vertically; and  
 By controlling the sediment inputs and outputs of the system. 
The majority of these studies focused on beaches with the same general characteristics. 
The present work provides new insights to the control of the geomorphological settings 
by comparing the morphodynamic response of adjacent constrained and unconstrained, 
platform and no-platform beaches, exposed to the same offshore forcing conditions. 
 
1.3 Objectives and outline of the thesis 
The observations and literature review led to questioning about the role of the 
geomorphological framework on beach dynamics and gave rise to the following 
hypothesis: 
Geomorphological constraints and the local settings of beaches are the 
primary drivers for the varying temporal and spatial groupings of 
morphological responses. 
That is, the geomorphological framework interacts with the available coastal sediments 
and incoming waves, and controls the beach configuration and responses. But how and 
to what extent? To test this hypothesis, three objectives were established: 
1) Evaluate the magnitude and patterns of beach dynamics for modal seasonal 
conditions along a coastal segment with contrasting geomorphological settings; 
2) Characterize waves and total water levels and their alongshore variation, 
departing from the same deepwater conditions; 
3) Detect and interpret any existing spatial organization of beach response related to 
the geomorphological settings. 
In order to achieve these goals, fourteen study sites, located along the same regional 
coastal stretch were monitored quarterly, over two and a half years. The following 
assumptions (see Chapter 2. Study area and Chapter 4. Results, for description of some of 
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these statements) provided this investigation the frame of reference that guided the 
methodology and interpretation of results: 
 The study sites are representative of the coast’s landforms in which small to large 
beaches occur, with varying length, indentation and exposure to the incident waves; 
 The study sites are under the influence of the same general off-shore wave regime; 
 The study area is located along a coastal reach with a balanced sediment budget 
for the study period; 
 Quarterly surveys are appropriate to detect beach morphological and 
sedimentary variations at the seasonal scale; 
 Beach dynamics can be described using the characteristics of the subaerial portion 
of the beach, extending between mean sea level and the landward limit of the 
beach; 
 The two and a half years monitoring program during which there was no extreme 
event is appropriate to characterize the modal process-response conditions. 
Hereupon, the study was conducted in three main components:  
1) Geomorphological framework: analyzed in terms of planform geometry and 
description of the physical boundaries, and type of nearshore and backshore 
features present at each study site; 
2) Beach response: included regular field sampling planned to ensure accurate and 
representative data collection on beach morphology and sediments. A total of 52 
beach profiles were monitored quarterly along the study area; 
3) Hydrodynamic forcing: characterization of the nearshore wave climate at each 
study site was done through numerical modelling of wave propagation for a 36-year 
time series, and total water levels were estimated for each site. 
Data generated for each of the three components were analyzed collectively, and 
exploratory analyses were performed to integrate the above results and to relate the 
oceanographical forcing and other physical controls, and beach response.  
A thorough description of the data acquisition and analyses methods is presented in 
Chapter 3.  Results of the three components of investigation are included in Chapter 4, 
and the combined analysis and discussion of the results is presented in Chapter 5. Chapter 
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6 holds the concluding remarks of this study. A preceding evaluation of the study area, 
based on the bibliography and observation, is described in Chapter 2. 



















Chapter 2. Study Area 
The present chapter describes the study area and selected study sites and provides a 
summarized description of the geology and geomorphological setting, coastal processes 
and landforms, as well as the recent historical shoreline change. 
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2.1. Study sites 
The study area covers 200 km of coastline in the central west coast of mainland Portugal 
(Figure 2.1). Looking the north Atlantic, this high-energy coast presents a myriad of 
coastal landforms controlled and shaped by natural and anthropogenic processes. It 
comprises the coastal stretch between Marinha Grande and Cabo Espichel. 
 
 
Figure 2.1. Study area and identification of the 14 selected study sites.  
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The coastline is predominantly rocky, with cliffs cut in meso-cenozoic formations, and 
characterized by constrained beaches limited by physical boundaries, with varying 
length, curvature and exposure to the incident waves. The southern and northernmost 
sectors of the study area, however, exhibit characteristics of open-coast continuous, or 
unconstrained beaches with well-developed dune systems. A number of urban beaches 
exist along this coast, adjacent to densely occupied coastal land, in some cases protected 
by hard structures. A number of beaches have been subject to beach nourishment and 
others to beach scrapping activities. 
Fourteen coastal segments were selected as study sites (Figure 2.1), comprising a total of 
33 beaches along the study area. The sites are considered representative of larger 
segments, covering a wide range of geological, geomorphological, hydrodynamic, and 
land occupation settings. A short presentation of each site is provided, and further 
description is made in subsequent chapters. Each of the study sites name has an 
abbreviation (in brackets) that is used throughout the text for convenience. 
 
Study site 1 | Pedras Negras [PN] 
Pedras Negras is the northernmost study site and is located along an open-coast segment, 
just north of São Pedro de Moel village. The beach is backed by a robust vegetated dune 
field that represents the seaward section of an extensive natural and protected area of 
pinewood (Mata Nacional de Leiria) (Figure 2.2). Although unoccupied with permanent 
structures, the beach is used for recreational purposes and the backshore is the location 
of elevated boardwalks and a parking lot.   
 
Study site 2 | Paredes de Vitória [PV] 
Paredes de Vitoria is a relatively extensive beach (about 1800 m) that developed at the 
mouth of the Ribeira de Paredes stream valley, and the adjacent village. The central area 
of the site, next to the stream, is backed by an artificial dune field stabilized with 
palisades, and boardwalks. Away from the central area, the beach is free of any human 
intervention, and high cliffs with small dunes at the base comprise the backshore (Figure 
2.3). 
 




Figure 1. General view of Pedras Negras: aerial photograph looking east showing the dune field 
backing the beach, where boardwalks and parking lots exist. Source: SIARL, 2011.   
 
 
Figure 2.2. Aerial view of Paredes de Vitória study site, showing the location of the Ribeira de 
Paredes crossing the beach. Source: Bing Maps, unknown date. 
 
Study site 3 | Nazaré [NZ] 
The urban beach of Nazaré fronts a fishing village that developed along the sloping 
margin of a Holocene coastal plain. A concrete seawall extends along the total length of 
the beach and serves as protection to the village that expanded over the former dune 
field, and a jetty in the southern end of the study site provides the stabilization of the 
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Alcoa river mouth and shelter to the fishing harbor (Figure 2.4). To the north, the 
promontory of Sítio da Nazaré, rises 50 m above MSL and provides for some shelter from 
the NW prevailing waves, especially to the northernmost part of the Nazaré beach. 
 
 
Figure 2.4. View of Nazaré study site, looking south towards the Alcoa river jetties and harbor 
entrance. The beach is backed by a seawall. Photo taken on March 7, 2011. 
 
Study site 4 | Lagoa de Óbidos - Baleal [LOB] 
The Lagoa de Óbidos – Baleal study site corresponds mostly to a high-relief cliffed coastal 
stretch about 10 km long that extends from the Lagoa de Óbidos mouth to Baleal. The 
cliffs are locally interrupted by streams and valleys that provide the access routes for 
beach users, and for each beach concession there is a different beach designation. The 
study site was monitored at Rei do Cortiço, Praia d’El Rei, Almagreira, and Baleal beaches 
(Figure 2.5). The latter is the extreme southern end of this site and unlike the rest of the 
monitored beaches, is located on a sandy tombolo and is surrounded by the more intense 
human development of Baleal village. 
 
 







Figure 3. Ground photos of the beaches of Lagoa de Óbidos-Baleal study site, from north to 
south: A –Rei do Cortiço; B –Praia D’El Rei; C –Almagreira; and D –Baleal. The latter corresponds 
to the north-facing margin of the Baleal tombolo. 
 
Study site 5 | Baleal - Peniche [BP] 
The Baleal-Peniche study site, similar to the LOB study site, is a coastal stretch of 
continuous beach that includes several concessionary units, and therefore different 
beach designations. The 4 km of shoreline extends from Baleal tombolo to Peniche village, 
in a bay-shaped outline backed in its central section by a large dune field (Figure 2.6). The 
beaches have been left fairly natural and the dune field is only locally interrupted where 









Figure 2.6. General view of the embayment between Baleal and Peniche, looking south. The 
curved beach is backed by a field of dunes most of its length. Photo taken March 15, 2013. 
 
Study site 6 | Santa Cruz [SC] 
Santa Cruz study site extends for about 4.4 km between two promontories. The beach is 
limited landward by high-relief rocky cliffs in its northern region. The central and 
southernmost sectors of the study site front the village of Santa Cruz and are 
characterized by the presence of hard structures and other anthropogenic features 
related to beach activities (Figure 2.7). 
 
Study site 7 | Coxos [CX] 
Coxos is the smallest of all the study sites with only 100 m of beach length, representing 
one of the typical pocket beaches that occur along the study area (Figure 2.8). It is located 
along the Ericeira coast, known for its powerful surfing waves and steep rocky cliffs that 
at Coxos reach 30 m in elevation.  
 
Study site 8 | Baleia/Sul [BS] 
Baleia/Sul, similar to Coxos, is located on the Ericeira coast, but in the center of the village, 
where most of the buildings and services are located (Figure 2.9). The urban character of 
this particular beach has led to the complete armoring of the backbeach boundary and 
the beach is further bounded by groins and a seawall. 
  







Figure 47. Santa Cruz study site: A – northernmost sector backed by high cliffs; and the more 
urban areas, B – central sector and C – southernmost sector, backed by structures. 
 
 








Figure 2.9. Aerial photo of Baleia/Sul beach in Ericeira, from October 2010, looking east (Photo 
by C. Andrade).  
 
Study site 9 | Magoito [MG] 
Magoito beach develops along the energetic and remote coastline of the Sintra mountain 
range, south of the Magoito Fort promontory (Figure 2.10). It is limited by high-relief 
cliffs and developed around the Mata River mouth and valley. The beach extends for 
about 600 m as a thin layer of sand covering the underlying rocky substrate. The northern 
section is where beach access is made and where all human activities and associated 
development exist. 
 
Study site 10 | Tamariz [TM] 
Tamariz is an urban beach located in the greater Lisbon area, along the Estoril coast 
(Figure 2.11). The beach is bounded by hard structures, including a seawall and one groin, 
as well as a variety of infrastructure that supports the intense beach use and activities all 
year round. The general orientation of the shoreline, east-west, makes this a particularly 
sheltered area from the energetic Atlantic Ocean wave regime.  
 
 




Figure 2.10. Aerial view of Magoito beach, looking south and showing the Sintra mountain range 
in the background. Source: SIARL, 2007. 
 
 
Figure 2.11. Aerial view of Tamariz beach, looking northeast, showing the intense urban 
background. Source: Google Earth, 2004. 
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Study site 11 | Costa da Caparica [CC] 
Costa da Caparica includes a number of urban beaches located along the coastal plain that 
lies south of the Tejo river, and that serves as the main coastal recreation setting for the 
greater Lisbon area (Figure 2.12). The area has long been used as a primary location for 
beach recreational use, leading to intense urban development over the former dune field 
and very close to the shoreline. A groin field and seawall protect the urban front and serve 




Figure 2.12. Costa da Caparica study site. A - Aerial view overlooking the several beaches in the 
southeast direction, and showing the intense urban surrounding and groin field. Source: Google 
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Study site 12 | Rainha [RA] 
Rainha is one of the many recreational beaches that exists along the sandy low-lying 
coastal stretch that extends southward from the Tejo river. South of the Caparica groin 
field, beaches are maintained in a somewhat natural condition, and the foredune still 
persists despite the localized access routes that connect parking lots and some 
infrastructure to the beach (Figure 2.13).      
 
 
Figure 2.13. Aerial view of Rainha beach, looking east. Source: Google Earth, 2015. 
 
Study site 13 | Fonte da Telha [FT] 
Fonte da Telha is located farther south from Rainha, along the same sandy coastal stretch. 
But, unlike Rainha, this site has been intensely and disorderly developed, resulting in an 
ill-planned coastal settlement with severe impact on the dune field and land cover (Figure 
2.14). 
 
Study site 14 | Lagoa de Albufeira [LA] 
The southernmost of the study sites is located near the Lagoa de Albufeira lagoon. The 
beach area monitored in this study site is located somewhat to the south of the lagoon, 
where the barrier merges with the sand beach at the base of the soft cliffs that 
characterize the remaining length of the coastal stretch extending southwards to Cabo 
Espichel (Figure 2.15). 





Figure 2.14. Aerial view of Fonte da Telha, looking east; showing the disorderly settlement at 
the shoreline. Source: Google Earth, 2009. 
 
 
Figure 2.15. Aerial view of Lagoa de Albufeira study site, looking northeast; showing the barrier 
and lagoonal system in the background and the monitored beach in the cliff section in the 
foreground. Source: SIARL, 2008. 
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2.2. Geology and Geomorphology 
2.2.1. Geologic Setting 
Coastal features along the study area developed as a result of the Holocene transgression, 
under a rapid sea-level rise, being stabilized and reshaped over the last 5000-6000 
calendar years, when sea level has remained fairly stable (Dias et al., 2000). Since then, 
evolution of coastal landforms is mostly due to the sediment balances occurring within 
the existing littoral cells (see section 2.2.2.3). Beaches are mostly composed of sand with 
occasional occurrences of coarser material associated with local stream and river 
discharge.  
The geology of the Portuguese central west coast comprises mainly rocks of sedimentary 
origin. Cliffs are mostly carved into Mesozoic dolomite, marls, limestone and sandstone. 
Locally, in the Sintra region and coastal section extending to the west of Lisbon, there are 
occurrences of igneous formations, such as granites, syenites and basalts from the Sintra 
Igneous Complex and the Lisbon Volcanic Complex. Cenozoic formations correspond 
mainly to the recent beach, dune and alluvial sand deposits and, to a lesser extent, 
Miocene and Pliocene sandstones along two coastal stretches: north of the Nazaré and 
Caparica-Espichel segments.  
 
2.2.2. Coastal Processes 
2.2.2.1. Waves 
The study area is exposed to the high-energy wave regime generated in the North 
Atlantic. It is considered a severe climate, with winter storms commonly generating deep-
water maximum significant wave heights (Hs) greater than 7 m (Costa and Esteves, 2009). 
Extreme storms can reach easily maximum significant wave heights on the order of 9.0 m 
and higher, and last for several days. The recent 2013/2014 winter Christina storm, for 
example, reached a maximum wave height of 14.9 m, and maximum wave period (Tmax) 
of 28.1 s, measured at the Sines buoy (Diogo et al., 2014). These storm events are typically 
approaching from the WNW. 
Deep-water significant wave height and mean wave period have annual averages of about 2 
m and 6.7 s, respectively, and peak wave period (Tp) lies most frequently between 9 and 13 
s, associated with waves coming from NW (Costa and Esteves, 2009). Seasonality is reflected 
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in the wave characteristics: small waves (Hs < 2 m and Tp < 11 s) characterize the summer 
months (April to September), whereas higher waves characterize the winter months 
(November through February) (Andrade et al., 2013b). 
 
2.2.2.2. Water Levels 
The astronomical tide is semidiurnal, with an average period of 12h 25min, resulting in 
two high tides and two low tides per day. The study area is characterized by a mesotidal 
regime, with an average amplitude of the astronomical tide on the order of 2.10 m, 
reaching a maximum elevation of 4.30 m in Lisbon and 3.99 in Cascais (data from 
Antunes, 2007). The surge phenomenon associated with storms has a small contribution 
to the overall water levels reaching a maximum of 0.6 m, measured at Cascais tide gauge 
(Andrade et al., 2006; Antunes et al., 2013). 
 
2.2.2.3. Littoral Cells  
Beaches, from their subaerial expression to their submarine limit, are part of a sand-
sharing system in which the sediment moves freely between the various sources and 
sinks along the coast. It is the balance between the various inputs (sources) and outputs 
(sinks) of sediment that determines if a system is in sedimentary deficit or gain that in 
turn is reflected in the morphological response of the system’s beaches.   
These sand sharing systems are defined in terms of littoral cells, with well-defined 
geographical boundaries. According to Inman (2003): “a littoral cell is a coastal 
compartment that contains a complete cycle of sedimentation including sources, 
transport paths, and sinks”. Sediment paths follow the general littoral drift that in this 
case is predominantly directed towards south because of the prevailing NW wave regime 
and the general N-S alignment of the Portuguese west coast. 
The study sites are included in four different littoral cells, described in Santos et al. (2014) 
(Figure 2.16). The first two study sites, Pedras Negras and Paredes de Vitória are part of 
littoral cell 1c that extends between Cabo Mondego and Nazaré. Most of this coastal 
stretch is composed of low lying beaches and dune systems with an approximate 
orientation NNE-SSW, locally disrupted by a section of coastal cliffs enclosing embayed 
beaches. Santos et al. (2014) estimate that the northern section of this cell started an 
erosive process to counter the sediment deficit imposed by the coastal hard structures of 
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the Mondego harbor and related dredging operations to the north. However, the southern 
section, where the study sites are located, is considered to be in a stable area, where the 
potential sediment transport is effectively transferred along the cell, with inputs 
matching the outputs. The sediment is finally lost to the Nazaré submarine canyon that 
represents the cell’s downdrift boundary. 
Littoral cell 2 extends from the Nazaré promontory to Peniche. The general orientation 
of this coastal stretch is normal to the mean wave direction, and therefore there is no 
meaningful nor prevailing net littoral drift. Santos et al. (2014) consider that the volume 
of sediment entering the system is equal to the volume of sediment leaving. Moreover, 
sediment inputs are of small magnitude (c. 104m3/year) derived mainly from fluvial 
discharge and cliff erosion. Study sites Nazaré, Lagoa de Óbidos-Baleal, and Baleal-
Peniche are included in this cell. 
Littoral cell 3 is mainly characterized by a rocky cliffed coast, with several pocket and 
embayed beaches developing at the mouths of small rivers and streams, or downdrift of 
rocky promontories. Sediment input is small and limited to discharge from a few streams 
and erosion of rocky cliffs that contribute very little sediment to the potential littoral drift 
(c. 104m3/year) (Santos et al., 2014; Ribeiro, 2017). Sediment is finally captured by the 
Guincho dune system, south of Cabo da Roca, and intermittently bypasses Cabo Raso by 
wind transport. This sand eventually reaches the cliffed coast extending to the south and 
east of Cabo Raso, where it is re-distributed by littoral drift. The work by Ribeiro (2017) 
corroborates that sediment sources balance the sinks and that this coastal stretch is in 
equilibrium. The study sites of Santa Cruz, Coxos, Baleia/Sul and Magoito are part of this 
littoral cell.  
Littoral cell 4 extends from Cabo Raso to Cabo Espichel, surrounding the estuary of Tejo 
river. Sediment pathways are dependent of the river inlet and ebb delta and can be 
circuitous and hard to define, but in general, net littoral drift converges in the ebb delta 
(Taborda and Andrade, 2014). 
The northern margin, where Tamariz study site is included, is mainly characterized by 
rocky low-relief cliffs and small pocket beaches, and the shoreline is heavily intervened 
with hard stabilization structures. This segment has a general W-E orientation and is 
therefore sheltered from the prevailing NW wave regime. Santos et al. (2014) admit that 
sediment transport is small and that the occurring beaches correspond to stable and 
closed systems. 




Figure 2. 16. Littoral cells of mainland Portugal and direction of net littoral drift. The study area 
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South of the Tejo estuary, the coast exhibits a long and continuous beach, gently arcing, 
that extends southwards ca. 23 km until the high-relief rocky cliffs of Cape Espichel. Study 
sites Rainha, Fonte da Telha and Lagoa de Albufeira are located along this coastal stretch. 
The northern section of this segment – Costa da Caparica study site – has been severely 
modified by coastal structures, groins and a seawall, that were built to hold the shoreline 
when severe erosion started to threat the local human settlement in the 1950s. This 
erosive trend persists and is mostly caused by the intense dredging and sediment 
extraction from the inlet for navigation purposes (Taborda and Andrade, 2014). The 
input of sediment eroded from the soft cliffs in the south is considered insufficient to 
counter this deficit. Recently however, sediment dredged from the inlet channel has been 
used to nourish these beaches, and has helped to stabilize the shoreline. 
 
2.2.3. Coastal Landforms 
There are 192 beaches along the study area, representing ca. 50% of its total length. Coastal 
cliffs are the most frequent backshore feature, corresponding to 62% of the coastline, 
whereas dunes and structures make up the remaining coastline, in equal percentage 
(Marques et al., 2013). These settings result in a majority of constrained beaches, of varying 
size, bounded by cliffs and headlands. In the absence of a consensual terminology regarding 
this kind of beach, herein we designate as pocket beaches features with length up to 102 m, 
and wider features as embayed beach. Where there are no beaches, the sea contacts directly 
with the cliff or structure, or there is a rocky shore platform making the transition to these 
features. Figure 2.17 presents the geomorphological classification of the coast according to 
the foreshore and backshore domains along the study area, as defined by Marques et al. 
(2013). 
Large dune fields occur only in the northernmost and southernmost littoral cells adjacent 
to exceptionally longer stretches of beach (North of São Pedro de Moel, and south of Tejo 
river). In addition, there are localized areas where dune fields occur along sheltered 
embayments in the study area: between Baleal and Peniche, and between Peniche and 
Consolação, for example. 




Figure 2.17. Geomorphological classification of the foreshore and backshore domains along the 
study area, presented by coastal cells 1c to 4 (Adapted from Marques et al., 2013). 
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Two major water bodies interrupt the shoreline – Lagoa de Óbidos and Tejo. The former 
is a coastal lagoon and its inlet and beach at the ocean margin of the barrier is wave-
dominated and therefore has little interference on the shoreline outline. The latter is a 
tectonic type of estuary and creates a large ebb delta that interferes with the coastal 
processes of cell 4. In addition, minor streams drain to the study area, most of them 
intermittent, and occurring in association with small beaches that develop in the 
associated valleys. These and smaller water bodies (eg. Lagoa de Albufeira) occur along 
the study area but with no major impact on the features at the shoreline. 
 
2.2.4. Influence of Human Activities 
The study area includes the capital city of Lisbon and surrounding communities, and 
therefore is one of the most developed parts of the country. As a result, human 
perturbations to the natural system are evident, and the coast is not an exception. As 
stated previously, structures make up ca. 19% of the coastline, and include mainly groins, 
jetties and seawalls.  
Most of these engineered structures resulted in growth of beaches on their updrift side. 
In most cases, the effect of the structures is localized, mostly because sediments are 
concentrated in small and closed beaches, with no alongshore connection.  
In Costa da Caparica, in the southernmost littoral cell, however, structures that were built 
to avoid further shoreline retreat and erosion, were only temporally effective and 
beaches continue to erode. To counter this trend, further soft interventions have been 
regularly adopted, such as beach nourishment (Pinto et al., 2015).  
Cliff stabilization is another common practice along the study area, in locations of high 
human occupation, such as recreational beaches and seaside promenades. These include 
the installation of mesh systems, retaining walls or application of concrete. 
Another form of human interference in the coastal system is through the construction of 
dams, drainage control, and increase of impervious soils that led to the reduction of 
sediment supply to the coast. Moreover, intensive dredging of sand bodies related to the 
Tagus inlet, as a source of construction material and for enhancement of navigation 
activities, had further impacts, particularly on the Costa da Caparica beaches (Santos et 
al., 2014). 
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2.3. Historical Shoreline Change 
The study area incorporates a myriad of coastal landforms and therefore there isn’t one 
single method to analyze shoreline change along the variety of features along the entire 
coast. Extensive work has been done using aerial digital photogrammetry to detect cliff 
retreat events covering several decades (since 1943/7) along the study area rocky 
coastline (e.g. Marques, 2009; Penacho, 2012; Marques et al., 2013; Matildes, 2016). Cliffs 
are inherently erosional coastal forms, and the study area is essentially characterized by 
sea cliffs with low retreat rates, typically lower than 0.1 m/year. In the Lagoa de Óbidos 
– Baleal stretch, however, retreat can reach 0.4 m/year. 
Silva et al. (2013a and 2013b) and Lira et al. (2016) focused on the low-lying sandy 
coastline and derived shoreline change analysis using aerial photography dating back to 
1958.  In these works, the uncertainty affecting coastline change rate was calculated as 
±0.2 m/year. The following description is based on these authors’ data. 
The low-lying areas of the northernmost section of the study site, corresponding to cell 
1c, had a tendency of stability or accretion (Figure 2.18). The shoreline in the area of the 
Pedras Negras study site had an average shoreline change rate of ca. +0.35 m/year. The 
localized beach of Paredes de Vitória was mostly stable with an average rate of +0.05 
m/year (well below the measure of uncertainty). North of the Nazaré promontory (the 
downdrift end of the littoral cell), average rates attained ca. +0.9 m/year, with a local 
maximum of +1.4 m/year. 
The low-lying sandy shoreline segments north and south of Peniche had alternate periods 
of shoreline retreat and advance, resulting in a very low average annual retreat rate 
(within the measure of uncertainty of the method), between -0.11 and -0.18 m/year, 
between 1958 and 2010.  
The low and sandy coastline between Caparica and Cabo Espichel, in cell 4, had distinct 
patterns of shoreline change along the coastal segment. São João da Caparica had the 
higher magnitudes of change, with an average rate of ca. -4 m/year that corresponded to 
a 215 m shoreline retreat between 1958 and present, but more significant during the 
1958 -1980 period. The recent beach nourishment interventions were able to counter 
this erosive trend and, for the period between 2005 and 2010, the rate of change was +0.2 
m/year. South of Costa da Caparica, and to Fonte da Telha, the coastline had annual 
average rates of shoreline change of ca. +0.56 m/year. South of Fonte da Telha the 
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shoreline position was mostly constant or accreting with average annual variation rates 
between +0.19 and +0.40 m/year along the coastal stretch. 
The comparison of historical ground photographs, from the beginning of the 20th Century, 
and recent photographs taken to recreate the view of the older ones, was done by Ribeiro 
(2017) in the coastal stretch between Peniche and cape Raso and by Carapuço (2016) in 
the coast of Cascais (between cape Roca and Carcavelos). Both authors found that there 
were no significant changes in the beach area and general configuration during the span 
of 100 years. 
In general, the literature review suggests shoreline meta-stability of the study area for 
the most recent decade. 
 
 
Figure 2.18. Shoreline change rates (m/year) for the low-lying sandy coastline (cells 1c to 4), for 
the period between 1958 and 2010 (Adapted from Lira et al., 2016). 
 
Sub-cell 1c 



















Chapter 3. Methods 
This chapter describes the approaches selected to test the hypothesis pursued in this 
thesis, including the data gathering, analysis, and evaluation. It includes four sub-
chapters: 3.1 - the methods used in the description of the geomorphological framework; 
3.2 - characterization of the beach morphology and sediment analyses; 3.3 - the 
hydrodynamic forcing modeling and assessment; and 3.4 - the methods applied in the 
exploratory analysis of the data.  
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3.1. Geomorphological framework 
The geomorphological framework of each study site was analyzed in terms of planform 
geometry and description of the physical boundaries, and type of nearshore and 
backshore features. The analysis included the use of several different sources that 
portray the geomorphological characteristics, including aerial photography, 
orthoimagery and oblique photography of the coast, from several years, as well as LiDAR 
data (Table 3.1). Also, the photographs taken at the time of each survey (described in 
Subchapter 3.2) were evaluated to assess the consistency of the characteristics of the 
subaerial beach through time.  
 
Table 3.1. Datasets used in the analysis and description of the geomorphological framework for 
each study site. 





Agência Portuguesa do  
Ambiente - SIARL Oblique aerial photography 2007/2008/2009/2011/2012 
Faculdade de Ciências da  
Universidade de Lisboa Oblique aerial photography 2010 
Google Earth Satellite and aerial imagery 2001 - 2017 
 
The geological description made use of the results of the project Criação e Implementação 
de um Sistema de Monitorização do Litoral, specifically, the output files and report of the 
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3.1.1. Physical boundaries 
Beach lateral boundaries were considered to be the locations of fixed morphological 
structures that restrict alongshore sediment transport, such as promontories or smaller 
headlands, or anthropogenic structures. For the purpose of this study, analysis focused 
on the identification of margins where there is no evidence of sediment transport under 
modal (non-storm) conditions. This means that rather than coastal cells as described by 
Santos et al. (2014), the study identifies beach systems, lengths of continuous sand, 
enclosed between two lateral boundaries. Figure 3.1 schematizes the hierarchy and 
definition of the terms herein used: study area, referring to the overall study sites; study 
site, referring to the selected areas for conducting the monitoring program; and beach 
systems, referring to the closed systems, laterally bounded.  
Three criteria were used to define the beach system margins: 
• Existence of a shoreline offset; 
• No evidence of wave breaking seaward of the lateral boundary structure; and 
• No evidence of sediment bypassing at low tide. 
The backshore boundary of each beach system was classified as: dune, cliff or 
anthropogenic structure. The nearshore features were divided into: nearshore bars or 
rocky platform.  
 
 
Figure 3.1. Definition of terms used to identify areas addressed in this study: study area; study 
site and beach system.  
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3.1.2. Planform geometry parameters 
The planform geometry analysis was directed towards using parameters and 
relationships that could best quantify the entire range of beach configurations of the 
study area, by providing a degree of indentation, or in another perspective, the level of 
linearity of each beach. The method resorted to parameters that have been widely used 
in the literature, mostly related to the study of the stability of embayed beaches (e.g., 
Short and Masselink, 1999; Bowman et al., 2009) and uses the following notation: 
Cl – Embayment width: linear distance between the seaward tips of the two lateral 
boundaries;   
Sl – Embayment length: perimeter of the embayment, measured along the 
coastline, between the seaward tips of the two lateral boundaries; 
a – Bay indentation: maximum bay depth taken as the maximum distance between 
Cl and Sl, features, measured normal to Cl; and 
β – Wave obliquity: angle between dominant wave crest and headland alignment.    
The parameters are schematized in Figure 3.2 and were measured on each beach system 
using ArcGis® tools and the toolbox Digital Shoreline Analysis System (Thieler et al., 
2009). The latter was used to create the Cl-normal control lines spaced 10 m alongshore, 
along which distances were measured between Cl and Sl, to determine the bay indentation 
(a). The dominant wave direction was taken as the wave mean peak direction for the 
study period (305° - see table 4.5 in Chapter 4. Results). 
From the above parameters, two criteria were used to estimate the degree of indentation 
for each study site:  
a/Cl - Indentation Ratio (Hsu et al. 1989a,b); and 
Sl/Cl - Indentation Index (Mastronuzzi et al., 1992). 
Both parameters have been widely used in the bibliography, and are especially useful in 
the comparison between beach segments (e.g. Spagnolo et al. 2008; Bowman et al. 2009; 
Lasagna et al. 2011, Klein et al. 2002). 
 




Figure 3.2. Planform geometry parameters used in the present study. Cl – Embayment width; Sl - 
Embayment length; a – Bay indentation; and β – Wave obliquity. Figure modified from Short and 
Masselink (1999).  
 
3.2. Beach morphology and sediments  
A monitoring program was designed and implemented along the selected study sites with 
the aim of quantifying the temporal and spatial variability of the beach characteristics 
within the study area, concurring to the goal of this work to determine the regional and 
local groupings and singularities between beaches.   
 
3.2.1. Field data collection 
Field sampling was planned to ensure that data collection would fit the objectives of this 
study. Topographic measures, sediment samples, and photographic records were 
acquired at each study site to provide a large database of beach morphological features 
and characteristics, at seasonal as well as annual scales.  
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The field and laboratory work benefited from the project carried out by the Faculty of 
Sciences for the Portuguese Environmental Agency (CISML project -Criação e 
Implementação de um Sistema de Monitorização do Litoral abrangido pela área de 
jurisdição da ARH do Tejo) described in Andrade et al. (2013a).  
The monitoring program was carefully designed and extensive information was created 
pertaining to data collection, data quality check, and data storage procedures. The 
methods were established prior to the beginning of the field data collection and assured 
that surveying of such a vast study area could be secured by a varied team of surveyors, 
and thus guaranteed the construction of a consistent and coherent database. 
 
3.2.1.1. Preparatory procedures and survey planning 
Benchmarks  
For each selected study site, a network of benchmarks was established to serve as 
reference points to aid in the topographic data collection. The location of benchmarks 
followed the criteria: 1) ease of access, 2) compatibility with the use of classic topography 
equipment (e.g. total station), 3) distance (far) from the reach or impact of waves and 
tides, roads, or activities that could risk their integrity, and, where possible, 4) 
corresponding to the landward starting point of a beach profile selected for monitoring. 
The composition of the benchmarks was selected to assure their stability and durability, 
and correspond to the following (Figure 3.3): 
• Stainless steel mountaineering plugs inserted in concrete or rock; 
• Steel nails inserted in wood or masonry; 
• PVC pipes driven into the ground and filled with mortar; 
• Wooden stakes driven into the ground; 
• Pre-existing benchmarks from national institutions (e.g. Instituto Hidrográfico). 
 
The coordinates and elevations of the benchmarks were measured using GNSS (Global 
Navigation Satellite System) equipment in static mode during at least 20 minutes, with 
post-processing. Coordinates were measured in the PT-TM06/ETRS89 (European 
Terrestrial Reference System of 1989/ Portuguese Transverse Mercator Projection of 
2006) reference system according to the recommendations in the INSPIRE Directive 
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(Infrastructure for Spatial Information in the European Community). Elevation is relative 
to the Portuguese datum, the mean sea level (MSL) of Cascais, 1938. 
 
 
 Figure 3.3. Examples of benchmarks established along the study area: a) steel plug at Paredes 
de Vitória, b) nail on wooden stake at Almagreira, c) PVC pipe at Pedras Negras, and d) pre-
existing IH benchmark at Pedras Negras. 
 
Profile lines  
Between one and three (only in two cases, five and seventeen) profile lines were 
established perpendicular to the general orientation of the shoreline at each selected site 
according to the following criteria: 
• Representation of the local geomorphological units; 
• Representation of areas of special concern; 
• Evenly-spaced distribution; 
• Ease of access; 
• Pre-existing profile locations. 
A total of 52 beach profiles were established along the studied coast and are presented 
for each study site in Figure 3.4.  




Figure 3.4. Location of the profile lines (in red) monitored at the study sites. 




Figure 3.4 (continuation). Location of the profile lines (in red) monitored at the study sites. 




Figure 3.4 (continuation). Location of the profile lines (in red) monitored at the study sites. 
  




Field booklets were created with cardfiles summarizing the information of the 
benchmarks and profile lines established at each site (an example of a benchmark cardfile 
prepared for the Nazaré beach is given on Figure 3.5). Each cardfile includes information 
on when and how the benchmark was established, who did the work, the benchmark’s 
composition, coordinates, and elevation, as well as location maps and photographs. The 
position and direction of the beach profiles are also included. Two booklets were created: 
one pertaining to the beaches along the coast between Praia da Vieira (Marinha Grande) 
and São Julião da Barra (Cascais), north of Tagus river, and one pertaining to the beaches 
between Cova do Vapor (Almada) and Cabo Espichel (Sesimbra), south of the Tagus. The 
booklets are written in Portuguese to facilitate their wider and further use by other 
national researchers and surveyors, and are presented in Appendix A.  
A nomenclature guide and a list of measurement codes were created and included in the 
field booklet to guarantee the standardization of the database. The booklet also contains 
instructions on deciphering and preparing beach codes and profiles lines, as well as on 
the naming of the fieldwork jobs and the codes describing the measurements of features. 
A vector format file (.dbx) was created for each study site containing the benchmarks and 
profile lines. This file was imported into the field equipment mobile device to aid in 
positioning during fieldwork and to ascertain that points were always collected along the 
profile line, with minimum deviation.  
Finally, a field form was created (also in Portuguese) to keep the records concerning each 
fieldwork job, such as the operator’s name, date and time of data collection, equipment 
used, and any additional information that might be useful to the utilization and 
verification of the dataset (Figure 3.6). 
 
Resources 
The operational requirements for performing the monitoring program included field 
surveyors trained in GNSS equipment operation, and having a basic understanding of the 
coastal features being measured. At least two surveyors accomplished each field survey. 




Figure 3.5. Example of one page from the field booklet: cardfile with the information pertaining 
to the NZ3 benchmark. 




Figure 3.6. Example of a completed field form. 
 
 
- Geomorphological framework control on beach dynamics - 
 
 48 
The equipment used in the topographic data collection included GNSS roving receiver 
units (Leica Geosystems models GPS 900 and NetRover) (Figure 3.7) that operated in 
real-time, connected to one of the two national available internet-based corrections 
services: RENEP (Rede Nacional de Estações Permanentes) and SERVIR (Sistema de 
Estações de Referência GPS VIRtuais), operated by the Instituto Geográfico Português and 
Instituto Geográfico do Exército, respectively.  
Additional field resources included a digital camera to record the aspect of the beach 
profile’s major features and the overall aspect of the beach, or coastal site, as well as 
plastic bags and markers for sediment collection.  
 
 
Figure 3.7. GNSS field equipment: backpacks with receiver antennas and hand-held receivers of 
Leica Geosystems GPS 900 mobile units. 
 
Survey frequency and timing 
Field surveys were conducted at least four times per year, in March, June, September, and 
December, and immediately after a storm event.  
Beach configuration changes in response to variations of the waves’ characteristics 
through the year (Figure 3.8). Sediment is transferred from the beach to the nearshore 
during high-energy events, typically in the winter, and returns to the subaerial part of the 
beach profile during calmer conditions, promoting volumetric recovery in low-energy 
periods, characteristic of the summer season. The March and September surveys 
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corresponded to the end of the winter and summer seasons, respectively, when beaches 
reach their greatest contrasting configuration. The June and December surveys helped to 
track the beaches’ seasonal variation, as well as to evaluate rates of recovery. The post-
storm surveys provided information on the magnitude of short-term variations of the 
beach in response to high energy events, such as beach erosion and maximum swash 
inland incursion. Whenever necessary, timing of the surveys was slightly changed to fit 
the equipment and/or surveyors availability. 
 
 
Figure 3.8. Wave height (significant-Hs and maximum-Hmax) record retrieved from the 
Instituto Hidrográfico Leixões buoy for 2010, showing the more energetic winter months 
(October to March), and the calmer conditions during summer (April to September).  
 
Survey dates were selected based on the maximum tidal range, and therefore were 
performed during spring tides. Field data collection was conducted near low tide, 
assuring maximum exposure of the intertidal area of the beach profile, and maximum 
seaward data collection. A low tide maximum elevation was defined for surveys to take 
place, at -1 m (MSL), to ascertain that the surveyed areas were similar across all surveys. 
The dates of the surveys are presented in Table 3.1. Between 10 and 11 surveys were 
carried out at each selected study site, totalizing 145 surveys conducted between March 
2011 and June 2013. The January 2013 surveys correspond to post-storm assessment, 
conducted in the beaches that showed morphological impacts caused by the Gong storm 
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that crossed the Portugal mainland on 19 January 2013, impacting the Nazaré beach and 
all beaches in the stretch between Cova do Vapor and Cabo Espichel. The offshore wave 
buoy (Monican01 - CSA88/1 Estação Oceânica) recorded a maximum significant wave 
height of 12.71 m with 15.5 s associated wave peak period, and maximum wave height of 
19.42 m with 14.9 s associated wave peak period, approaching from northwest (304-
321º). 
 
Table 3.1. Dates (dd/mm) of the surveys conducted between 2011 and 2013 at the study sites. 
Shaded records correspond to post-storm conditions. 
 Study site 




07/03 06/03 07/03 08/03 23/03 24/03 22/03 22/03 05/03 09/03 19/03 27/03 20/03 20/03
02/06 02/06 01/06 14/06 18/06 15/06 17/06 17/06 30/05 31/05 04/06 05/06 05/06 05/06
15/09 15/09 13/09 27/09 29/09 03/09 26/09 01/09 31/08 30/08 11/09 02/09 02/09 02/09




25/03 25/03 22/03 26/03 13/03 21/03 08/03 08/03 09/03 07/03 12/03 11/03 10/03 10/03
02/06 02/06 02/06 08/06 25/06 07/06 04/06 04/06 05/06 03/06 06/06 22/06 22/06 22/06
20/09 20/09 20/09 21/09 19/09 18/09 01/09 01/09 31/08 30/08 04/09 17/09 17/09 17/09




- - 23/01 - - - - - - - 21/01 21/01 21/01 21/01
03/03 03/03 03/03 14/03 15/03 13/03 28/03 28/03 12/03 11/03 01/03 28/02 28/02 28/02
26/06 26/06 24/06 27/06 25/06 12/06 20/06 20/06 21/06 07/06 11/06 24/06 24/06 24/06
 
3.2.1.2. Field survey procedures 
Procedures in the field included a number of steps to ensure the quality of data collection, 
and to minimize post-processing.  
Equipment set-up  
The first step included setting up the GNSS equipment and making sure that the roving 
receiver unit was connected to the real-time correction service. The littoral zone is a 
particularly vulnerable area because of the lack of coverage from the reference stations 
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on the oceanside, and in some cases because of the proximity to coastal cliffs, seawalls, or 
dunes that obstruct part of the sky, and thus, some of the available satellites. A number of 
parameters were set prior to data collection: 
• Coordinate system – PT-TM06/ETRS89; 
• Automatic mode point measurement and storage while moving – by distance, at 
1 m intervals; 
• Point object measurement and storage in static mode – 10 positions; 
• Point quality tolerance level – 0.05 m. 
The vector file (.dbx) containing the benchmarks and profile lines’ location was imported 
into the field equipment mobile controller. Codes were created according to the list pre-
established in the field booklet, and each measured point was assigned with a code. 
 
Data collection 
After setting up of the GNSS unit, the following tasks were accomplished at each study 
site: 
• Beach cross-shore survey, from the beach landward limit to a depth below MSL; 
• Beach surface 3-dimensional topographic survey (at selected sites);  
• Survey of the alongshore landward limit of the beach; 
• Survey of the high-tide swash line; 
• Sampling of the surface sediment layer from the beach face; 
• Sampling of the surface sediment layer from the beach berm; 
• Sampling of the surface sediment layer from the foredune; 
• Photographic record of the beach cross-section location; and 
• Photographic record of the general beach area. 
During the survey, at least one local benchmark was visited and measured for on-site and 
post-processing validation and accuracy verification.  
 
Beach profiles 
Beach profile data collection was accomplished by setting the GNSS unit to record in 
automatic mode along the pre-established profile lines displayed on the controller’s map 
screen (Figure 3.9). The scale bar was set to ≈10 m to improve the accuracy of the 
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measurements. Points were always measured between the upper limit of the beach (dune 
base, cliff base or structure contact) and the elevation of 0 m MSL. More points were 
usually measured below this elevation (down to -1 m). In the cases where dunes existed, 
measurements were extended landward of the dune toe, to the dune crest location or 




Figure 3.9. Automatic acquisition of points along the pre-established profile lines, as they are 
displayed in the GNSS equipment controller screen. 
 
Beach 3-dimensional topography  
In the Baleal-Peniche and São João da Caparica embayments, more detailed topographic 
surveys of the entire subaerial beach surface were accomplished in addition to the 
specific profile lines identified in the booklets. Surveys were usually completed by four 
surveyors by measuring points in automatic mode along shore-perpendicular lines that 
extended between the upper limit of the beach and MSL.  The multiple profile lines were 
spaced about 30 m alongshore (example in Figure 3.10).  
 




Figure 3.10. High-resolution survey of the Baleal-Peniche embayed beach (March 13, 2012). The 
black lines correspond to coordinate points spaced at 1 m intervals.  
 
Landward limit of the beach  
The landward limit of the beach was surveyed in automatic mode covering part or the 
whole alongshore extension, depending on the size and configuration of the beaches. 
Depending on the geomorphological setting and type of upper beach limit, the criteria 
used for identification of its location were as follows: 
• Dune: seaward limit of the dune vegetation, and/or abrupt change in slope at the 
dune toe (Figure 3.11); 
• Cliff: contact between the cliff face and the beach, or, in case significant cliff 
debris occurs, the seaward contour of the mass deposit (Figure 3.12); 
• Structure: contact between the structure and the beach (Figure 3.13). 
 
 




Figure 3.11. Field identification and survey of the landward limit of the beach when a dune is 
present (Lagoa de Albufeira, September 2, 2011). 
 
 
Figure 3.12. Field identification and survey of the landward limit of the beach where a cliff is 
present (Paredes de Vitória, March 6, 2011). 
 




Figure 3.13. Field identification and survey of the landward limit of the beach where a structure 
is present (Costa da Caparica, June 11, 2013). 
 
High-tide swash line  
Similar to the measurement of the landward limit of the beach, the high-tide swash line 
was surveyed in automatic mode covering part or the whole length of the beach, 
depending on its size and configuration. This line corresponded to the mark of the 
maximum incursion of the water left on the beach surface at the time of the high tide 
preceding the survey, and reflected the influence of both tide and waves. The criteria used 
to identify this line were as follows: 
• Boundary between the wet and dry portions of the sand (Figure 3.14); 
• Location where a myriad of debris, commonly shells, stems, algae and other 
organic and inorganic material, accumulated, sometimes forming a wrack or drift 
line (Figure 3.15); 
• Boundary between the smooth surface evened out by the swash of the waves, 
and the more rugged portion of the upper beach affected by trampling and wind 
(Figure 3.16). 





Figure 3.14. Swash line on the beach created by the high tide previous to the field survey. The 
boundary between the wet and dry sand is a clear indicator of the maximum level reached by 
the waters (Baleal, June 8, 2012). 
 
 
Figure 3.15. Swash limit on the beach created during the high tide previous to the field survey 
and evidenced by a linear accumulation of debris (Rainha, March 11, 2012). 
 




Figure 3.16. Swash limit on the beach created during the high tide previous to the field survey. 
The maximum reach of the water was well marked by the boundary between the smooth and 
more rugged beach surface (Baleia/Sul, June 4, 2012). 
 
Sediments 
Sediment samples were collected on the surface layer (Figure 3.17) at three locations 
along the beach profiles: 
• Beach face, around MSL; 
• Beach berm, at half width; 
• Foredune (when present), on the seaward side; 
 
  
Figure 3.17. Sediment sampling of the surface layer of the beach face (Baleia/Sul, June 17, 2011).
  




At least two photographs were taken at each profile line to capture the general aspect of 
the upper beach features present. These photographs were always taken from the same 
perspective to make the records comparable: one photograph was taken ≈20 m away of 
the profile line and looking alongshore towards north (Figure 3.18a), and one photograph 
was taken approximately half way along the profile line looking towards the upper beach 
region (Figure 3.18b). A photograph capturing the general view of the overall study site 
was also taken whenever possible (Figure 3.19).  
 
 
Figure 3.18. Photographs of beach profile PPN2, taken 18 December, 2012, at Pedras Negras. a) 
looking north towards the profile location, and b) looking towards the upper beach feature. 





 Figure 3.19. Panoramic view of Praia de Vitória de Paredes, showing the general aspect of the 
study site looking north, on June, 2011. 
 
Survey completion 
The following actions were undertaken in order to conclude each field survey: 
• Field forms were filled out, one for each completed job; 
• Raw GNSS data were downloaded and backup copies created; 
• Photographs were downloaded, catalogued, and commented; 
• Equipment was cleaned and batteries charged; 
• Sediment samples were verified for correct labeling and stored. 
 
3.2.1.3. Post-survey procedures 
Post-survey procedures included quality check and data integrity verification: both were 
needed to ensure accurate and systematic processing of the data, as well as to provide 
information for creation of metadata. These steps assured that the data can be analyzed 
and processed by other users. 
The GNSS raw data were at first analyzed using Leica Geo Office© software, and 
coordinates were transformed from the GPS world geographic coordinates to local 
rectangular ones. Data were then exported into text files and further analyzed in ArcGIS® 
software. The measurement points were filtered according to the following criteria: 
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• Measurement class  removal of “reference”; “control” and 
“estimated” points 
• Planimetric and altimetric 
(3D) quality 
 removal of points tagged with > 0.05 m in 
point quality 
• Measurement Codes  correction where needed 
• General alignment with the     
pre-established profile lines 
 rejection of points collected at distance 
from profile line > 10 m 
• Benchmark coordinates and 
elevation 
 survey points correction if differences in 
planimetry > 0.5 m and altimetry > 0.1 m 
• Anomalous elevation   data removed  
 
The filtered data were stored in text files and shapefile format, using designations that 
included the code of the beach and date of the survey. All the original, corrected, and 
processed data products were assembled and stored in a common database. 
 
3.2.2. Beach morphology analysis 
Beach seasonal behavior was described through the use of selected geoindicators 
(described below) extracted from the field data analysis. 2-dimensional metrics, cross-
shore morphological parameters, were derived from the beach profiles, whereas a 3-
dimensional analysis was applied to the beach surface where multiple profiles at 30 m 
intervals were collected. Seasonal and annual surveys provided for the tracking of beach 
modifications in response to the varying wave conditions, whereas the post-storm 
surveys recorded the lower energy beach morphodynamic response immediately 
following disturbances induced by high-energy wave forcing. 
Analysis of the beach morphology data was performed on the surveyed subaerial beach, 
and was confined to the area between MSL and the landward limit of the beach as 
established in the field. In the study sites, the landward limit of the beach may correspond 
to the toe of foredunes, cliffs, or engineered structures. Carapuço et al. (2016) suggested 
that this limit is referred to as the coastline, whereas the shoreline refers to the physical 
interface of land and water. The present work follows this notation and makes use of the 
mean high water (MHW) level as the reference to define the shoreline (SMHW) elevation and 
position at each survey (Figure 3.20). The average of the MHW levels between 2011 and 
2013 (retrieved from the Instituto Hidrografico tide tables) provided SMHW=1.05 m (MSL). 
- Geomorphological framework control on beach dynamics - 
 
 61 
3.2.1.4. Beach profile 
Beach profile data were processed through the use of MATLAB® programming routines 
that read the filtered text files, and associated codes. Feeding from a list of profile 
characteristics, such as the information on profile line starting point and direction, the 
measurement points collected in the field are first moved, shore-parallel, to the 
corresponding position along the established profile, creating a straight line. The 
program filters the data by date and profile code, according to the survey site. Distances 
relative to the profile starting point are calculated from the coordinates, and are used to 
plot the cross-section profiles of the beach for each date. The program calculates and 
returns measures of selected geoindicators, defined following the criteria proposed by 
Carapuço et al. (2016) (Figure 3.20): 
• Beach volume, in m3/m (per unit of length), measured above MSL, and limited by 
the coastline position; 
• Beach width, in m, measured distance between the coastline and the shoreline 
position; and, 
• Beach slope (β), calculated between the MSL contour and the shoreline position. 
 
 
Figure 3.20. Representation of the measured geoindicators on a schematic beach profile: beach 
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To assure that the subaerial beach features’ measurements were comparable through 
time during the study period, a constant coastline position, given as a relative distance 
from the profile benchmark, was defined for each beach profile. The constant coastline 
position was determined by looking at the entire series of beach cross-sections and beach 
landward limit surveys, and selecting its most consistent location. Whereas for the beach-
cliff and beach-structure types of interface the identification of this line was 
straightforward, for the profiles that correspond to beach-dune morphology, this task 
was more difficult. Where the dune base migrated, the most seaward position was 
selected. 
Beach slope was interpreted following the quantification and classification proposed by 
Short (1999). The author summarizes the characteristics that define the morphodynamic 
beach stages, and defines dissipative type of beaches as having slopes lower than 0.04 
(2°), intermediate type of beaches between 0.04 and 0.11 (2° and 6°), and reflective type 
of beaches as presenting slopes typically higher than 0.07 (4°). 
 
3.2.1.5. Beach 3-dimensional topography  
The analysis of the high-resolution topography data was integrally done in ArcGIS® 
software. Digital elevation models (DEM) were created of each survey, for the two 
selected sites: the coastal stretch between Baleal and Peniche, and the stretch of São João 
da Caparica. At first, data were used to create a Triangular Irregular Network (TIN), with 
a 100 m maximum spacing between vertices, in order to confine the model to the 
surveyed area and limit the extent of interpolation. TINs were then exported to raster 
format using the Natural Neighbors interpolation method and setting the cell size to 0.5 m.  
Raster format DEMs were analyzed and the following features and metrics were derived: 
• MSL position; 
• Beach volume (m3), measured above MSL, and limited landward and laterally by 
an area common to all surveys; 
• Difference in elevation models, computed through the difference between two 
DEMs, and for an area common to all surveys; 
• Sediment budget (m3), between successive surveys, computed from the 
difference in elevation models, providing total accretion volume (positive 
elevation change) and total erosion volume (negative elevation change). Because 
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survey measurements accuracy was set to 0.05 m, elevation changes smaller 
than 0.10 m were not used in the calculations, and this was considered as the 
uncertainty value.   
Shoreline change analysis was performed using the MSL lines, with a 10 m spatial 
alongshore resolution, using the following ArcGIS® toolboxes: Digital Shoreline Analysis 
System (Thieler et al., 2009), and Shoreline Change Mapper (Psuty et al., 2010).  
 
3.2.3. High-tide swash line  
High-tide swash line measurements were taken as representative of the most landward 
reach of wave swash during the high-tide previous to the time of each survey. The 
position and elevation of these measurements were used to validate the computations of 
Total Water Levels reach upon the beach, using the model described in the following 
Subchapter (3.3.3. Total water levels).  
  
3.2.4. Sediments 
Sediment samples were subjected to laboratory analysis for determination of particle size 
distribution. The laboratory procedures include four stages: 
1) Washing and oven-drying   Removal of salt, organic matter, and water 
from sediment sample   
2) Disaggregation and 
splitting 
 Reduction of sample size to a 80-100 g 
representative subsample   
3) Dry-sieving and weighing  Mechanical separation of grain size 
fractions using screens spaced at half-phi 
intervals  
4) Data entry, analysis and 
archiving 
 Entry of weights into database, 
computation of statistical parameters of 
the grain size distribution and archiving 
of information. 
 
Results from the grain size analysis were processed using the computer program 
GRADISTAT (Blott and Pye, 2001), and grain-size statistics were derived using the graphic 
method, following Folk and Ward (1957). 
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3.3. Hydrodynamic forcing 
The hydrodynamic forcing was analyzed in terms of waves (both offshore and nearshore 
regime), tides, and their combined effect. A method was developed to estimate total water 
levels, including wave runup on the study sites, validated with local field data.  
 
3.3.1. Waves 
Numerical modeling was employed to simulate wave propagation from deep water 
towards the coast and characterize the nearshore wave regime along the study site. A 36-
year time series of significant offshore wave data hindcast was used for a location in the 
ocean offshore mainland Portugal (see below). The model selected was SWAN - 
Simulating WAves Nearshore model (Booij et al., 1999), version 40.85, a third-generation 
model that applies to wind-generated surface gravity waves, developed by the Delft 
University of Technology. The SwanAuto toolbox (beta 1.0), developed by the GeoFCUL 
Coastal Processes team (http://disepla.fc.ul.pt/), was used to run SWAN in MATLAB®. 
The toolbox requires only one setup for a run in nesting mode, with multiple 
computational domains, and it is able to convert ArcGis® bathymetric grids (.ascii, for 
example) and several wave data file formats into SWAN-compatible formats.  
The SWAN model was run in stationary mode and the computational domain was divided 
into a nested grid system (regional and local) to optimize the computational time. The 
setup followed the structure described in Figure 3.21. Wind-wave related processes 
(white-capping and quadruplets) were deactivated, and the model was used solely to 
propagate offshore-generated waves. The spectral domain was discretized with 31 
frequency bins (distributed logarithmically between 0.04 and 1), with a directional 
spreading coefficient of 3 and uniform amplitude directional bins Δθ=10º. 




Figure 3.21. The SWAN model set-up for propagating waves from offshore to the study sites. 
 
3.3.1.1. Offshore wave data 
Deepwater wave data (significant wave height - Hs; peak period - Tp; and peak wave 
direction - θp) were retrieved from a hindcast time series (http://www.sonel.org) 
computed with the third-generation spectral wave model Wavewatch III (WW3) for a 
point off the study site’s location [coordinates 40°N, 9.5°W] (hindcast node location on 
Figure 3.22), and forced with wind fields from the ERA-Interim dataset of global 
atmospheric reanalysis data (Dee et al., 2011). The wave model description is available 
from Bertin et al. (2013) and Dodet et al. (2010). The wave time series is a 3 hour interval, 
continuous record of wave characteristics, spanning the period from January 1, 1979 to 
31 August 31, 2014.  
 
3.3.1.2. Bathymetric grids 
Topo-bathymetric grids were generated in ArcGis® with the best data available from 
different sources (Table 3.2). The Natural Neighbor interpolation method was used to 
generate the input grids: one regional grid with lower resolution (500 m), and 13 nested 
grids with higher resolution (50-100 m), covering the local or regional extent of the study 
sites (Table 3.3). 
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Table 3.2. Data used to generate the topo-bathymetric grids. 
Source Type of data Geographical extent Resolution 
1. European Marine 




Offshore, beyond data from 
source 2 428 m 
2. Instituto Hidrográfico (IH) Bathymetry (sounding) 
Nearshore – up to 40 km 
from the  shoreline 250 m 
3. Direção Geral do Território 
(DGT)   
Topo-bathymetry 
(LiDAR) Littoral zone - 1 km wide 2 m 
 
3.3.1.3. Computational domains 
The bathymetric grids were the base for generation of the computational grids, created 
in ArcGis® and exported as shapefiles to be directly read in SwanAuto. Figures 3.22 to 
3.33 represent the bathymetric and computational grids used in the wave propagation 
model, as well as the location and designation of the simulation points. 
 
3.3.1.4. Boundary conditions  
The regional computational grid, G1, was forced along its open boundaries by the wave 
integral parameters – Hs, Tp and θp, given in the input file. Boundary conditions for the 
encased computational grids were defined by the coarser grids’ (G1) outputs. 
 
3.3.1.5. Output 
Wave parameters (Hs in meters, Tp in seconds, and θp in degrees) were extracted at 29 
simulation points, located at 15 m depth, positioned along the general direction of the 
beach profiles established and monitored at each study site (Table 3.3 and Figures 3.23 
to 3.33). Two additional simulation points were established in the location where 
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Table 3.3. Information on the bathymetric and computational grids, and location of the 
simulation points used in the wave propagation model. 
Grids Simulation points (coords in m) 
ID Geographical extent Resolution (m) Code X Y 
G1 Regional 500 - - - 
G2 Pedras Negras 100 
wPPN1 -77307.18 14218.47 
wPPN2 -77390.56 13762.33 
G3 Paredes de Vitória 50 
wPPV1 -80106.75 4511.23 
wPPV2 -80138.34 4298.58 
wPPV3 -80209.88 4044.88 
G4 Nazaré 50 
wPNZ1 -81289.43 -7032.17 
wPNZ2 -81088.52 -7540.91 
wPNZ3 -81090.72 -7899.47 
G5 Lagoa de Óbidos – Baleal (north) 50 wPLOB1 -96328.04 -26222.30 
G6 Lagoa de Óbidos – Baleal (centre) 50 wPLOB2 -98523.85 -28178.31 
G7 Lagoa de Óbidos – Baleal (south) 50 
wPLOB3 -102188.25 -30730.46 
wPLOB4 -103421.46 -31145.33 
G8 Baleal – Peniche 50 
wPBP1 -104857.33 -31623.61 
wPBP2 -105289.85 -31873.48 
wPBP3 -105797.72 -31970.56 
wPBP4 -106397.53 -32270.84 
G9 Santa Cruz 50 
wPSC1 -107820.04 -56516.38 
wPSC2 -108120.55 -57172.33 
wPSC3 -108564.37 -57800.12 
G10 Coxos 50 wPCX1 -112408.35 -72344.25 
G11 Baleia/Sul 50 wPBS1 -112088.51 -78136.52 
G12 Magoito 50 wPMG1 -115059.91 -88459.68 
G13 Cascais bay (Tamariz) 100 wPTM1 -110754.27 -107683.07 
G14 
Caparica – Espichel 
(Costa da Caparica; Rainha; Fonte 
da Telha; Lagoa de Albufeira) 
50 
wPCC1 -97694.05 -114498.78 
wPCC2 -96343.55 -115295.64 
wPRA1 -95573.68 -116892.61 
wPFT1 -93399.16 -121592.96 
wPFT2 -93195.88 -122041.11 
wPLA1 -92400.90 -128689.52 
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3.3.1.6. Wave data analysis  
The output wave data from the model were processed through the use of MATLAB® 
programming routines, and associated codes. Wave statistics were derived for all 
parameters, for the overall wave time series, as well as for the study period. Storm 
occurrences were identified and described. Storm events are herein defined as periods 
when offshore Hs remained consistently higher than 5 m (according to the storm 
threshold established by Costa and Esteves, 2009), including intervals of lower Hs, shorter 
than 24 h (as defined by Silva and Taborda, 2014). 
To ensure the comparability with the general run-up formulations put forth by several 
authors, the simulated nearshore waves were reversed shoaled to deepwater using linear 
wave theory and the unrefracted wave height (H’0) was used in the run-up calculations 
that use the offshore wave height.  
The nearshore wave data were further analyzed to obtain the corresponding breaking 
wave for the study period. Bathymetry was assumed to be regular and parallel seaward 
of the nearshore simulation point (at 15 m depth), and the Snell law was used to derive 
the wave direction at breaking. Significant wave height at breaking was computed 
following the method by Larson et al. (2010). 
 
3.3.1.7. Validation 
The results from the propagation model were validated against wave measurements 
retrieved from two sources (Table 3.4): 
1. ADCP (Acoustic Doppler Current Profiler) installed at Praia de Almagreira (Lagoa 
de Óbidos – Baleal stretch study site) by Instituto Hidrográfico; and 
2. Wave buoy located at the Tagus outer estuary entrance (between Tamariz and 
Costa da Caparica study sites), property of APL (Administração do Porto de 
Lisboa).  
The modeled and measured significant wave height, wave period, and wave direction 
parameters were compared for the period of data available, and error statistics were 
derived. 
 
- Geomorphological framework control on beach dynamics - 
 
 69 
Table 3.4. Description of data used for validation of the wave propagation model. 
Source Designation 
Coordinates (m) 
Period of data 
X Y Z 
Porto de Lisboa (APL) South channel buoy -109278 -114962 -30 31/07/2005 – 31/12/2008 
Instituto Hidrográfico (IH) Praia de Almagreira -101001 -29127 -28 01/01/2011 – 31/12/2011 
 
  




Figure 3.22. Regional bathymetric and computational grid used in the wave propagation model.  
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Figure 3.23. Local bathymetric and computational grid covering the Pedras Negras study site, 
used in the wave propagation model, and location of the simulation points. 
Figure 3.24. Local bathymetric and computational grid covering the Paredes de Vitória study 
site, used in the wave propagation model, and location of the simulation points. 
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Figure 3.25. Local bathymetric and computational grid covering the Nazaré study site used in 
the wave propagation model, and location of the simulation points. 
Figure 3.26. Local bathymetric and computational grids, for the Lagoa de Óbidos-Baleal study 
site used in the wave propagation model, and location of the simulation points. 
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Figure 3.27. Local bathymetric and computational grid covering the Baleal-Peniche study site 
used in the wave propagation model, and location of the simulation points. 
 
Figure 3.28. Local bathymetric and computational grid covering the Santa Cruz study site used 
in the wave propagation model, and location of the simulation points. 
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Figure 3.29. Local bathymetric and computational grid covering the Coxos study site used in the 
wave propagation model, and location of the simulation points. 
Figure 3.30. Local bathymetric and computational grid covering the Baleia/Sul study site used in 
the wave propagation model, and location of the simulation points. 
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Figure 3.31. Local bathymetric and computational grid covering the Magoito study site used in 
the wave propagation model, and location of the simulation points. 
 
Figure 3.32. Local bathymetric and computational grid covering the Tamariz study site used in 
the wave propagation model, and location of the simulation points. 
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Figure 3.33. Local bathymetric and computational grid covering the Costa da Caparica, Rainha, 
Fonte da Telha, and Lagoa de Albufeira study sites used in the wave propagation model, and 
location of the simulation points. 
  




Sea level data were retrieved from two data providers and corresponded to water level 
records from the Cascais tide gauge, located 30 km west of Lisbon. Despite some gaps, 
data consisted of an hourly record covering the period from 1979 to 2014, available from: 
• British Oceanographic Data Centre (BODC) – from 1979/01/01 to 2005/12/31 
and from 2008/11/06 to 2014/08/31 
• Instituto Geográfico Português (IGP) – from 2007/10/04 to 2008/11/06 
The sea surface levels recorded by the tide gauge corresponded to the sum of the vertical 
components associated with the astronomical tide and the non-tidal disturbances of 
meteorological source, including storm surge. 
The largest tidal data gap corresponds to the period between January 2006 and October 
2007. The UTide MATLAB® functions (Codiga, 2011) were used to compute the harmonic 
constituents of the tide, using a full year (1993) of hourly measured data, and derive the 
astronomical tide.  
The measured (observed) and predicted (computed astronomical tide) records for the 
year of 1993 are plotted in Figure 3.34, along with the non-tidal residual calculated from 
the difference between the two datasets. Storm surge values - positive deviations from 
the astronomical tidal data - were within acceptable limits, mostly below 20 cm, not 
exceeding 30 cm, in agreement with the results of several works as synthesized in 
Andrade et. al (2002). 
Gaps in the measured time-series were filled with data extracted from the astronomical 
tide predictions that did not include the non-tidal component. It is acknowledged that 
some of the gaps might correspond to times when the storm surge was more important, 
and in these cases, the total water levels might be underestimated. The largest gap 
corresponded to the period between January 2006 and October 2007. However, the 
relatively small contribution of the surge component, on the order of 0.1-0.2 m (Gama et 
al., 1994), to the overall sea level lessened the resulting underestimation of sea level 
during these periods. The complete sea level data-series was resampled in order to create 
a 3h interval dataset, synchronic of wave record (Figure 3.35). 




Figure 3.34. Measured water level and astronomical (computed from the tide harmonic 
constituents) tide elevations for 1993 at Cascais tide gauge (upper panel); and residual values 
(bottom panel), corresponding to the difference between the two datasets.  
 
 
Figure 3.35. Tide data used in the present work, covering the period between 1979/01/01 and 
2014/08/31. Sources of data correspond to IGP (light blue), BODC (blue) and the harmonic 
analysis (dark blue). 
 
3.3.3. Total water levels 
In the present work, total water level (TWL) is considered to be the sum of the following 
vertical components: 1) sea level (SL), determined by the sum of the astronomical tide 
(T) and the storm surge (S); and 2) wave runup (R), that included the setup induced by 
waves (η) and the uprush component of the wave swash (u) (Figure 3.36). 




Figure 3.36. Illustration of a beach profile and components of the total water level (TWL): SL - 
sea level, T - astronomical tide, S – storm surge, R - wave runup, η - wave setup, and u - wave 
uprush.  
 
Joint occurrences of sea level and runup were analyzed for the 36-year period of wave 
and tide data, and for the simulation points used in the wave propagation model, located 
along the study site. Assessment of the runup component required investigation of the 
most commonly used formulations and testing on the study sites, using the high-tide 
swash line surveys for validation. The procedure is described below. 
 
3.3.3.1. Runup component 
Studies on wave runup are numerous and date back to the 1950s. Teixeira (2014) 
provides a comprehensive listing of 60 formulas that can be found in the literature, 
including those applicable to beaches and structures, as well as to regular and irregular 
waves, and determined in either the field or laboratory settings. The number of 
formulations put forth by more than 30 authors for calculation of the maximum elevation 
reached by the wave runup process reveals the complexity involved in its description and 
full comprehension.  
The available formulations typically include the characteristics of the incident waves and 
of the affected surface (beach, dune, cliff or structure). The more simple formulations 
relate runup to wave height alone, considering that higher waves promote higher runup 
levels (e.g., Guza and Thornton, 1982; CERC, 1995). Other formulations take into 
consideration the beach slope or include the surf similarity parameter, also known as the 
Irribarren number - ξ (Battjes, 1974): 
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 = ୲ୟ୬ඥୌబ/୐బ     Eq. 1 
where, tanβ is the beach slope, and H0 and L0 are the deepwater wave height and length, 
respectively. Several authors have tested and developed empirical solutions for runup 
estimation using the Irribarren number in association with the wave height, and a 
dimensionless empirical variable (k) that reflects the local conditions (e.g., Holman, 1986; 
Mase, 1989; Nielsen and Hanslow, 1991; Van der Meer and Stam, 1992; Grune and Wang, 
2000):   
 R = k H      Eq. 2 
Review of these works led to discriminating among three main types of solutions that 
considered runup to be dependent on one or more variables, and that were selected for 
testing the runup estimation in the present work (Table 3.5):  
 
Table 3.5. Solutions used in the present work for testing wave runup. 
# Variables  Equation 
1 R = ƒ (H, T, β) R = H0 ξ = H0 tanβ/(H0/L0)1/2 
2 R = ƒ (H, T)  R =  (H0 L0) 1/2 
3 
R = ƒ (H) 
R =  H0 
4 R = H10 
 
Beach slope values were retrieved from the beach profiles analysis, and the offshore wave 
parameters (wave height and wave period) from the deepwater wave time series. One 
profile from each study site was selected to test the runup solutions. 
 
Validation and solution selection 
The field measurements of the high tide swash line were used to validate the runup 
estimation results and to select the best solution for computing the TWL time series for 
the overall study sites. 
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The field measurements were intended to survey the maximum excursion of the previous 
high tide water levels, but the task of identifying this line was sometimes difficult because 
of several human-induced factors masking this feature, such as trampling, and beach-
cleaning machinery tracks. Only the surveys that provided an accurate identification and 
measurement of this line were used to compare with the predicted runup. Between 6 and 
9 records were used for each site, adding to a total of 94.  
The elevations measured in each field survey, at a 1 m resolution along the high-tide 
swash line in the study sites were filtered by location, and only the measurements within 
a 25 m distance from the selected profile location were used in the validation (Figure 
3.37). The data obtained for this subset were averaged to produce a unique value of swash 
maximum elevation for each profile and survey date. In order to calculate the actual 
runup associated with this measurement, the sea level at the time of the high tide 
previous to the survey was subtracted from the measured elevation. 
In order to simulate the conditions that produced the measured swash lines, runup was 
estimated with the wave parameters coincident with the high-tide previous to the survey. 
Simple linear regression analysis was used to assess how well the model input 
parameters described the observed runup. The equation of best fit was derived (the y-
intercept and slope values) and runup estimation with the fitted model was subsequently 
used to determine the following error statistics:  r2 (coefficient of determination), bias 
(mean error), rmse (root mean squared error) and nrmse (rmse normalized by the 
average of measured data). 
The evaluation of the combined indicators of the accuracy of the runup estimation led to 
the choice of the method to be used in the TWL time series calculation. Analysis of the 
TWL and runup was performed with MATLAB® programming routines. 




Figure 3.37. Maximum swash line position surveyed with RTK-GNSS equipment along the 
Nazaré study site on December 27, 2011, and measurements (in red) located within 25 m 
distance from the PNZ2 profile, selected for validation of the runup estimation results. 
 
3.4. Exploratory Analysis 
The acquired and analyzed data, regarding the geomorphological framework, beach 
morphology and sediments, and finally the hydrodynamic forcing, were combined and 
analyzed together. The data were applied to existing beach morphodynamic models and 
further analysis was made through simple regression analysis, cross-correlation between 
variables and multivariate analysis statistics.   
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The commonly used conceptual models that describe beach morphodynamic state were 
applied to the data. The model by Guza and Inman (1975) is one of the earliest of these 
models and describes the Surf Scaling Parameter - ε, as: 
 ε = ௔ఙమ௚்మ ୲ୟ୬మ ఉ     Eq. 3 
where a is the wave amplitude, σ is the wave angular frequency (2π/T), and g is the 
acceleration due to gravity. 
The model by Wright and Short (1984) applies to wave-dominated beaches and is one of 
the most used in the literature. It describes three main beach types (dissipative, 
intermediate and reflective) and the classification is based on the Dimensionless Fall 
Velocity parameter – Ω (following Gourlay, 1968), given by: 
Ω = ு್ఠೞ்        Eq. 4 
where, ωs is the sediment fall velocity, that in this case was calculated through the use of 
the formula put forth by Soulsby (1997): 
߱௦ = జࣸ ቂሺ10.36ଶ + 1.049ࣸ∗ଷሻ
ଵ ଶൗ − 10.36ቃ   Eq. 5 
where, ߭ is the kinematic viscosity of water, ࣸ is the mean grain size, and ࣸ* is the 
dimensionless grain size given by: 
ࣸ∗ = ࣸ ቂሺ௦ିଵሻ௚జమ ቃ
ଵ ଷൗ      Eq. 6 
where, ݏ is the sediment relative density (quartz).  
Short and Masselink (1999) put forth a parameter that relates the embayment 
configuration to the incident breaking wave conditions, by using the planform geometry 
parameters (Cl and Sl) and the incident wave characteristics to derive the Embayment 
Scaling Parameter – δ': 
ߜᇱ = ௌ೗మଵ଴଴஼೗ு್     Eq. 7 
According to the authors, the degree of embaymentization can be predicted using this 
parameter, such that: 
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For δ′ > 19    normal beach circulation, as applies to typical unconstrained   
beaches. There is limited or no impact of headlands on the surf zone 
circulation. 
For δ′ = 8-19    transitional circulation. The influence of headlands on surf zone 
circulation increases, causing longshore currents flowing seaward 
against each lateral boundary. 
For δ′ < 8           cellular beach circulation. Lateral boundaries topography affects 
the surf zone circulation within the entire embayment, causing strong 
longshore currents. 
The beach profile datasets were used to classify the study sites according to the 
conceptual framework proposed by Jackson and Cooper (2009): TYPE I (Unconstrained); 
TYPE II (Semi-constrained) and TYPE III (Highly constrained). 
The dimensionless parameter put forth by Burvingt et al. (2017), the longshore variation 
index - LVI, was assessed to quantify the alongshore morphological variability in beach 
response: 
LVI = ொೞ೟೏|ொ೘೐ೌ೙|ାொೞ೟೏     Eq. 3 
where, for each study site, |Qmean| is the absolute value of the mean of the profiles’ 
volumetric change, and Qstd is the standard deviation of the profiles’ volumetric change. 
LVI varies between 0 and 1 with higher values representing greater longshore variability 
in beach response. 
The relationships between the sets of variables measured along the study sites were 
explored using a multivariate analysis technique - the Canonical Correspondence 
Analysis, CCA (ter Braak, 1986). The method distinguishes between predictor variables 
(in this case the geomorphological framework and hydrodynamic parameters) and the 
response data-sets (morphology and sediments). Originally, the method was created to 
analyze and interpret ecological data, such as occurrences or abundances of species, and 
their relation to data on environmental variables (ter Braak and Verdonschot, 1995), but 
has become widely used by other disciplines with similar process-response behavior. 
Other statistical techniques (linear and non-linear) have been successfully used to 
analyze coastal field data and model medium to long-term behavior of coastal 
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morphology (Stokes et al., 2013; Larson et al., 2003; Southgate et al., 2003), and to explore 
their relationship with offshore forcing regimes (Kroon et al., 2008; Karunarathna et al., 
2016), or geomorphological constraints (Loureiro et al., 2012). 
The CCA analysis was conducted with the open-access statistics software package PAST 
(Hammer et al., 2001). In selecting the input datasets, parameters that were found 
redundant, and explanatory of the same measure, were eliminated and only one 
descriptive parameter was selected. This was the case of the degree of indentation 
(Indentation ratio vs Indentation Index) beach change (volume variation vs width 
variation) and wave height (offshore vs nearshore vs breaking wave height). Thus, the 
following variables were used (codes in square brackets are the notations used in the 
program): 
Predictor variables: 
1. Sl/Cl – Indentation Index [S/C] 
2. β – wave obliquity [BETA] 
3. Tp – mean wave period [T] 
4. Hb – mean wave height at breaking [Hb] 
5.  TWL – mean total water levels [TWL] 
Response variables: 
1. ΔVol - Volume standard deviation [VOL] 
2. MzFace – mean beach face sediment size [MzFace]  
3. tanβ – Beach face slope [SLOPE] 
All study sites, including the two subdivisions that added two new locations to the data 
(see Subchapter 4.1 for explanation), totalized 16 observations that were used in the CCA 
analysis. 
  























Chapter 4. Results 
The present chapter describes the results obtained from the procedures of data gathering 
and analysis. Results are presented in three subchapters. In the first subchapter the 
description of the geomorphological framework of each beach is presented. The second 
subchapter presents the results on beach morphology and sediments. The third 
subchapter deals with the hydrodynamic characterization of the oceanographic forcing, 
including waves, tides and total water levels. 
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4.1 Geomorphological framework 
The geomorphological framework of each study site is presented in terms of planform 
geometry and description of the physical boundaries, and type of nearshore and 
backshore features that are present and that constrain both the nearshore wave regime 
and the beach response. 
Of the overall study sites, five are located along coastal stretches that exhibit a continuous 
and long sandy beach extending for at least 13 km (Pedras Negras, Lagoa de Óbidos - 
Baleal, Rainha, Fonte da Telha and Lagoa de Albufeira). Compared to the remaining sites 
that have lengths below 5 km, these may be regarded as unconstrained beaches. Still, 
physical boundaries exist, even though they occur at a different spatial scale when 
compared to the other sites. Therefore, planform geometry parameters were assessed for 
all study sites, including these, for the purpose of quantifying the degree of embayment 
and indentation, and inclusion of all data in the comparative and quantitative analysis. 
Lateral boundaries were considered to define the beach systems where the study sites 
are included. In some cases, two or more study sites were part of the same beach system, 
and, on the other hand, some beach profiles monitored as being part of the same study 
site, were found to belong to different beach systems. An instance of two or more study 
sites being part of the same beach system, was along the Caparica - Espichel coastal 
stretch, characterized by a long and continuous beach. In this case, Lagoa de Albufeira, 
Fonte da Telha, Rainha and the profiles within the groin field in Costa da Caparica were 
considered to be part of the same beach system. In the study sites of Lagoa de Óbidos - 
Baleal and the northern part of Costa da Caparica, profiles were located in different beach 
systems and therefore were separated. As a result, two new locations were added to the 
data - BL (corresponding to Baleal beach, characterized by PLOB4 beach profile) and SJC 
(corresponding to São João da Caparica beach, characterized by PCC1 to PCC8 beach 
profiles).   
 
4.1.1. Study sites 
1 Pedras Negras 
Pedras Negras beach system has a very low indentation index, because of the similarity 
between the embayment length (17.6 km) and embayment width (17 km) (Figure 4.1). 
Thus, Pedras Negras is regarded as a typical open and unconstrained beach. The northern 
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boundary corresponded to a small rocky headland that induced a displacement of about 
200 m of the beach shoreline, in relation to the updrift (to the north) shoreline that fronts 
the village of Pedrógão. The southern boundary corresponds to the steep sloped rocky 
promontory of the São Pedro de Moel village, made of Jurassic limestones, and south of 
which small pocket beaches develop.  
There is a small river - Rio Liz - draining to this coastal stretch in Praia da Vieira. The 
margins of the river channel at its seaward reach were contained and linearized with 
rubble walls that extend across the beach by two small jetties until the low tide contour 
line. However, there was no evidence of these artificial structures behaving as an obstacle 
to longshore sediment transport, and therefore they were not considered as a boundary. 
Besides Praia da Vieira, that has a small seawall, the beach system is fairly continuous, 
backed by a large and well established vegetated dune that aligns parallel to the coastline 
and that at Pedras Negras attains 13 m in height. The nearshore exhibited shore-parallel 
sand bars that developed very close to shore. In the southernmost part of this beach 
system, a stream drains to the beach, but with no permanent connection with the sea.    
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2 Paredes de Vitória 
Paredes de Vitória develops at the mouth of the Ribeira de Paredes stream valley, 
bordered by high cliffs of mainly Pliocene sands, and to a lesser extent, in its southern 
section, of sandstone, silt- and claystone of Mesozoic age. The former are highly erodible 
formations and slope mass-waste deposits of sand are frequent at the base of the cliffs. 
This is especially frequent in the northernmost section where the beach is narrower and 
the waves easily reach its base. These are however of small dimensions and deliver an 
insignificant amount of sediment to the beach system.  
South of the stream mouth location, and for almost 1 km, the back of the beach is covered 
by small vegetated dunes, that are artificially maintained through fences and elevated 
boardwalks in the more urban central section. River discharge is considered small and 
the very narrow channel that connects to sea wanders considerably. 
Two promontories define the lateral boundaries of Paredes de Vitória beach system 
(Figure 4.2), that extends for almost 2 km. The nearshore is characterized by large 
sandbars that often weld onto the beach creating ridge and runnel type of morphology.   
 
 
Figure 4.2. Planform geometry parameters for Paredes de Vitória beach system. 
 
3 Nazaré 
Nazaré corresponds to an embayed continuous beach (Figure 4.3) bounded landward by 
an alongshore seawall that stands c. 0.5 m above the beach berm. The south lateral 
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boundary corresponds to the north jetty of the fishery harbor, and the north lateral 
boundary is the rocky promontory known as Sítio da Nazaré. This promontory is 
essentially made of Cretaceous limestone and promotes a shoreline displacement of 
about 800 m between the updrift (north) and downdrift shorelines.  
The nearshore is highly influenced by the presence of the submarine canyon of Nazaré 
whose head intersects the permanently submerged section of the beach profile landward 
of the 20 m depth contour line. A small dune field develops in the southernmost area, 
adjacent to the harbor jetty and extends for about 300 m alongshore.  
The upper beach berm is frequently reshaped through anthropic action. Mechanical 
leveling and dune building done through beach scraping is conducted either for 
recreational purposes, or for protection against storms. 
 
 
Figure 4.3. Planform geometry parameters for Nazaré beach system. 
 
4a Lagoa de Óbidos - Baleal 
The three northernmost profiles of the study site between Lagoa de Óbidos and Baleal 
(PLOB1 to PLOB3) are located in a beach segment that extends for c. 11 km between two 
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small headlands that define the lateral limits of a continuous strip of sand (Figure 4.4). 
This beach system is predominantly characterized by a narrow beach landward bounded 
by cliffs affecting Meso-Cenozoic sandstones. The cliffs vary in height throughout the 
segment, reaching almost 50 m, and are locally interrupted by small valleys of 
intermittent streams. Despite experiencing localized mass movements, the slope mass 
waste deposits are quickly washed away and it is estimated that the overall contribution 
has small significance in the beach sediment budget. 
 
 
Figure 4.4. Planform geometry parameters for Lagoa de Óbidos -Baleal beach system. 
 
In the northernmost section, Lagoa de Óbidos interrupts the cliffed coastline, and for a 
length of 1.5 km the coast is characterized by a welded sandy barrier that separates the 
coastal lagoon from the ocean. This flood-dominated system exhibits a highly wandering 
inlet and intense sedimentation inside the lagoon, indicating that little or no sediment is 
provided to the littoral drift. The nearshore is characterized by longshore bars that can 
attain several tens of meters in extension. 
 
4b Baleal [BL] 
The southernmost profile of the Lagoa de Óbidos - Baleal study site is located in a separate 
beach system that corresponds to the beach of Baleal (Figure 4.5). This too is laterally 
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limited by rocky headlands, consisting of Jurassic limestones in the western limit (Baleal), 
and clayey sandstone in the landward and eastern limit. Cliffs in this section are more 
irregular and lower in elevation than the cliffs farther to the north. 
Part of this beach system creates the tombolo that developed between the mainland and 
the former island occupied by the village of Baleal, and in this section the landward 
boundary is the structure where the road was built to connect the two locations. The 
nearshore at this location is characterized by a rocky platform, often exposed at low tide. 
 
 
Figure 4.5. Planform geometry parameters for Baleal beach system. 
 
5 Baleal - Peniche 
Baleal-Peniche beach segment encompasses the arcuate-shaped beach that develops in 
the embayment between the Baleal tombolo and the village of Peniche, laterally bounded 
by rocky headlands (Figure 4.6). Cliffs at either end are made of resistant Jurassic 
limestone and marly limestone, and only a short segment of the beach is in contact with 
this formation at the easternmost end of the bay. Most of the embayment’s backshore is 
characterized by a large dune field that is active and exchanges sediment with the beach. 
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The dunes at either end have been object of some human intervention (such as fences) in 
recreational and concessionary areas. 
The beach develops over a rocky platform that is exposed at low tide at both ends of the 
bay. In the central part of the beach system, however, the platform is covered with 
sediment that develops bar and rip channel type of morphology according to Short’s 
(1999) classification scheme. 
 
 
Figure 4.6. Planform geometry parameters for Baleal-Peniche beach system. 
 
6 Santa Cruz 
The beach system of Santa Cruz extends for about 3.6 km and is landward-bordered by 
cliffs affecting mainly Meso-Cenozoic sandstones, siltstones and marls, as well as 
limestones at the southernmost end. Small rocky headlands projecting seaward limit the 
longshore sediment transport and provide the lateral boundaries of this beach system 
(Figure 4.7). The beach serves the adjacent village as well as the surrounding populations 
and is therefore intensively used for recreational purposes. The central section backshore 
corresponds to stabilized dunes, and the southernmost section is bound by a seawall. In 
the concessionary areas the subaerial beach is sometimes artificially shaped by 
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mechanical means to create a levelled area for the summer season (Figure 4.8). Sandbars 
develop in the nearshore and often migrate inland welding onto the beach. However, in a 
limited area at the southernmost section, especially during the winter season, the 
underlying rocky formation may get exposed.  
 
 




Figure 4.8. Some aspects of the interventions carried out on the beach of Santa Cruz, modeling 








Coxos is the smallest of all study sites and consists of a small pocket beach bounded by 
Cretaceous limestones forming steep cliffs and two rocky promontories (Figure 4.9). The 
offset between the tip of the northern headland and the coastline at the backbeach is just 
under 200 m. The northernmost promontory, gradually dips into a rocky platform. The 
landward bounding cliffs reach 30 m above MSL and show boulder deposits at the base. 
The beach accumulates over the rocky platform that gets exposed at low tide. 
 
 
Figure 4.9. Planform geometry parameters for Coxos beach system. 
 
8 Baleia/Sul 
The Baleia/Sul beach corresponds to a 500 m long beach, bounded by coastal structures 
(Figure 4.10). Two groins establish the lateral limits of the beach. The southernmost groin 
is about 125 m long and the northernmost groin is actually the edge of a “swimming pool” 
and extends for 75 m seaward before joining the remaining structure that encloses the 
pool. In addition, a smaller groin exists along the beach, located halfway, however it is in 
a state of advanced degradation and is not an obstacle to longshore sediment transfer. 
The backshore corresponds to a seawall built at the base of a cliff and that stands between 
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1 and 2 m above the beach surface.  The beach develops over a rocky platform that is 
exposed at low tide. This is an urban beach highly used for recreational purposes and, 
therefore, beach scraping activities take place before the summer season to increase the 
beach berm area (Figure 4.11). 
 
 




Figure 4.11. Overview of the central sector of Baleia/Sul study site at the beginning of the 
summer season: A - construction of a subaerial berm through beach scraping on May 19, 2011; 
And B - reconstructed beach berm with installation of beach amenities, on June 20, 2013. 
A B 




Magoito beach system is bordered by the high cliffs of Cretaceous marl- and limestones 
that stand c. 60 m above MSL. The rocks cut by these cliffs create both the landward and 
lateral limits, as well as the substrate over which the beach develops. The beach extends 
from the rocky headland where the Magoito fort is located to the north, to about 800 m 
south, where a smaller rocky headland outcrops seaward (Figure 4.12). A small river – 
rio Mata, drains directly to the beach, c. 100 m south of the northern limit. It is an 
intermittent water course and there is no evidence that its discharge may be considered 
an important source for the beach system sediment budget. 
The beach is composed by a layer of sand that rests on the rocky platform at the base of 
the cliffs, often removed and exposing the bedrock layers (Figure 4.13). During these 
periods the cliff base mass-waste deposits get exposed, as well as the fluvial deposits, 
consisting of larger pebbles at the mouth of river Mata. 
 
 
Figure 4.12. Planform geometry parameters for Magoito beach system. 
 





Figure 4.13. General view of Magoito beach. Photographs taken looking towards southwest, 
showing two distinct configurations of the beach: A - on May 30, 2011, with the beach covering 
most of the rocky platform, forming a beach berm and developing beach crescents; and, B - on 




Tamariz is a beach surrounded by an urban environment (Figure 4.14). Groins create the 
lateral boundaries, the easternmost one being arcuate in shape and extending for 150 m, 
and the westernmost one, substantially smaller, extending only for 30 m. This latter groin 
is located in a section where the shoreline bends and imagery analysis indicates that it 
effectively confines the sediment to the Tamariz beach. The backshore is a seawall 
fronting a highly urbanized area. The beach develops over a rocky platform that gets 
exposed at low tide, especially in the west sector.  
In order to improve the bathing area in the summer, the beach is subject to mechanical 
reshaping, to promote the reconstruction and flattening of the beach berm (especially in 








Figure 4.14. Planform geometry parameters for Tamariz beach system. 
 
São João da Caparica (study site 11a) 
São João da Caparica corresponds to the northernmost sector of Costa da Caparica study 
site. The beach extends for c. 1.7 km with an approximate southeast-northwest 
orientation, limited by two groins: the southern groin of Cova do Vapor to the northwest, 
about 360 m long; and a shorter groin to the southeast, about 250 m long, encompassing 
a smaller groin that confines a smaller beach – praia do Norte (Figure 4.15). 
The backshore of the northern sector consists of a dune field that reaches elevations of 7 
and 8 m (MSL), although it is much altered by human intervention, locally interrupted by 
beach accesses, and limited in its growth by numerous infrastructure and parking lots. 
The southern sector is characterized by a narrow beach, landward limited by a seawall 
that serves as protection for a camping site located a few tens of meters from the 
shoreline. The nearshore is characterized by the presence of longshore sand bars that 
often develop ridge and runnel type of morphology. 
Given their recreational value, and the long-term erosional trend, these beaches have 
been subject to beach nourishment. The last intervention, prior to this study, occurred in 
2009, and, despite not countering the erosional process because sediment is being 
brought from within the littoral cell (the Tejo inlet), it has been contributing to the 
resiliency and stability of these beaches in particular (Santos et al., 2014). 




Figure 4.15. Planform geometry parameters for São João da Caparica beach system. 
 
Caparica – Espichel (study sites 11b, 12, 13 and 14) 
With the exception of São João da Caparica, the study sites located along the Caparica – 
Espichel coastal stretch - Lagoa de Albufeira, Fonte da Telha, Rainha and Costa da 
Caparica groin field beaches - share the same lateral boundaries and therefore were 
considered to be part of the same beach system (Figure 4.16). The northernmost lateral 
boundary corresponds to the southernmost longer groin that makes up the groin field of 
Costa da Caparica, c. 250 m in length. There was no evidence of sediment transport 
around this structure in modal wave conditions, and the groins located southward of this 
one show evidence of sediment bypassing. The southernmost boundary of the Caparica-
Espichel beach system corresponds to the first rocky headland that extends seaward and 
provides the limit between the continuous strip of sand to the north and the pocket 
beaches that occur south of that location.  
The Caparica-Espichel system is a large coastal embayment that extends for c. 22.5 km as 
a long strip of beach with no obstacles to the littoral drift and the nearshore is 
characterized by sand bars that locally weld onto the beach. 
The backshore along this coastal stretch is very variable and therefore this feature will 
be described for each study site separately.   
 




Figure 4.16. Planform geometry parameters for Caparica - Espichel beach system. 
 
Costa da Caparica groin field (study site 11b) 
The groin field section of Costa da Caparica study site, corresponds to the beaches that 
develop between groins and that are landward limited by the seawall that fronts the 
urban area.  
 
Rainha (study site 12) 
The backshore at Rainha study site is characterized by vegetated foredunes that develop 
parallel to the shoreline. They are however intersected by multiple paths and accesses 
and their evolution is highly constrained by the installation of recreational infrastructure 
and parking lots in their leeward side. 
 
Fonte da Telha (study site 13) 
At Fonte da Telha, the dunes that make up the backshore are even more altered and the 
area extending landward of the beach corresponds essentially to dump materials and 
earth landfill that occupied former dune areas and have been placed to make space for 
the infrastructures, as well as poorly-integrated beach access points and parking lots. 
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Lagoa de Albufeira (study site 14) 
The beach monitored at the Lagoa de Albufeira study site is located south of the coastal 
lagoon’s barrier inlet, in a coastal segment where the beach is in contact with a cliff 
affecting Cenozoic sandstones . Small embryo dune features develop at the base of the 
cliffs, probably fed by the highly erodible cliff sandy deposits. 
 
4.1.2. Overall study area 
The summary of the parameters that were used to describe the geomorphological 
framework for each study site is presented in table 4.1, including the measured values of 
planform geometry -  embayment length (Sl), embayment width (Cl), and bay indentation 
(a), wave obliquity (), and computed degree of embayment, expressed by the 
Indentation ratio (a/Cl) and Indentation index (Sl/Cl).  
According to the classification proposed by Bowman et al. (2014) based on the 
indentation ratio, PN, LOB and SC are classified as having Extremely Low indentation. All 
the beaches included in the Caparica-Espichel segment, including SJC are in the category 
of beaches with Very Low indentation, along with PV and MG. All the other study sites are 
characterized as having Low indentation according to this classification.    
Figure 4.17 provides a graphical visualization of the variation of these parameters along 
the study area. The beaches that have a rocky platform also have a smaller embayment 
width. The vertical dashed line in the left panel of Figure 4.17 marks the 1200 m 
threshold, and the lighter grey bars (Cl) for BL, CX, BS, MG and TM fall below this line. The 
only exception is BP study site that has an embayment width of 2619 m. Also, and 
contrary to the other platform beaches, BP study site presented nearshore bars in the 
central section of the embayment.  
Another difference between platform beaches and no-platform beaches is that the former 
have higher degree of indentation. The panel on the right on Figure 4.17 shows the wave 
obliquity (), indentation index (Sl/Cl) and Indentation ratio (a/Cl) as relative measures, 
given by the ratio between the study site value and the overall average (the vertical 
dashed line marks the 1 ratio). Platform beaches, except for MG, have indentation index 
(Sl/Cl) and Indentation ratio (a/Cl) (lighter grey bars) above average. Nazaré is an 
exception amongst the no-platform beaches showing a higher degree of indentation.  
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Table 4.1. Physical boundaries and planform geometry parameters for the study sites. 
Embayment length (Sl), embayment width (Cl), bay indentation (a), wave obliquity (), 
indentation index (Sl/Cl) and Indentation ratio (a/Cl). 
Beach Backshore Nearshore 
Lateral 
boundaries 
Sl (m) Cl (m) a (m)  Sl/Cl a/Cl 
01 PN dune 
nearshore 
bars 
headland 17673 17428 356 13.3 1.0 0.02 
02 PV cliff 
nearshore 
bars 
headland 2079 1801 357 22.5 1.2 0.20 
03 NZ structure canyon 
headland 
structure 
2672 1688 759 61.9 1.6 0.45 
04a LOB cliff 
nearshore 
bars 
headland 11681 11167 647 16.6 1.0 0.06 
04b BL structure 
rocky 
platform 
headland 1676 1170 403 63.6 1.4 0.34 






headland 5133 2619 1248 51.0 2.0 0.48 
06 SC 




headland 3825 3612 249 6.0 1.1 0.07 
07 CX cliff 
rocky 
platform 
headland 713 406 180 33.4 1.8 0.44 
08 BS structure 
rocky 
platform 
structure  674 345 151 26.9 2.0 0.44 
09 MG cliff 
rocky 
platform 
headland 977 802 187 26.4 1.2 0.23 
10 TM structure 
rocky 
platform 






structure 2377 1738 420 75.0 1.4 0.24 





22506 21031 2879 45.0 1.1 0.14 
12 RA dune 
13 FT dune 
14 LA cliff 
Average:    8758 7955 1040 41.3 1.34 0.25 




Figure 4.17. Planform geometry parameters along the study sites. Left panel shows the absolute 
values of embayment length (Sl), embayment width (Cl) and bay indentation (a); vertical dashed 
line marks the 1200 m threshold. Right panel shows wave obliquity (), indentation index 
(Sl/Cl) and indentation ratio (a/Cl) as relative measures, given by the ratio between the study 
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Figure 4.18 shows the plot of a/Cl versus Sl/Cl for all studied beaches. The high correlation 
between them (R2=0.88) indicates that both are good descriptors of the variability of the 
beach planform geometry along the study area. However, considering that the study sites 
range between pocket beaches and open segments of beaches, the use of the bay 
indentation parameter (a) seems to be less meaningful in their comparison, because in 
longer beaches the embayment depth is expected to be fairly constant alongshore.    
 
 
Figure 4.18. Relation between the two criteria used to assess the degree of embayment along 
the study sites. 
 
The geomorphological framework can be very variable and the present study includes a 
large sample of beaches that reflects all types of boundary constraints that occur along 
the study area coast. Figure 4.19 depicts the study sites in terms of typology of beach 
systems, grouped by type of nearshore (XX axis) and backshore (YY axis) features. The 
diagram also portrays planform geometry, given by the indentation index, and wave 
obliquity. The former is represented by the size of the circles, and the latter is portrayed 
by color, according to legend. It shows that seven types of geomorphological frameworks 
(among the nine possible) are represented in the dataset, corresponding to several 
































Figure 4.19. Typology of beach systems of the study area, grouped by type of nearshore and 
backshore features. Planform geometry, given by the Indentation index, is proportional to the 
diameter of the markers. Colors indicate wave obliquity according to legend. 
 
Again, it stands out from the diagram that the more indented beach systems are those 
that have an exposed rocky platform, regardless of the type of backshore features, or type 
of lateral boundaries. Conversely, all study sites that don’t have a rocky platform and 
0 ≤  < 22.5 22.5 ≤  < 45 45 ≤  < 67.5 67.5 ≤  < 90 
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exhibit nearshore sand bars have smaller values of Indentation Index, below 1.2, with the 
exception of SJC that has an Indentation Index of 1.4  (Figure 4.18 and Table 4.1). In the 
study area, platform beaches tend to occur along the more rocky and irregular parts of 
the coast, where there is small accommodation space, and beaches with sand bars 
typically occur along the open and unconstrained segments, where alongshore sediment 
transport through littoral drift encounters no obstacles. Moreover, the lower indentation 
beaches display smaller wave obliquity values, and therefore are more exposed to the 
dominant waves. The contrary is not necessarily true and the more indented beaches 
display a wide range of wave obliquity values. Figure 4.20 shows that there is no evidence 
of statistical correlation between these two parameters. But it does show that the lower 
wave obliquity values (< 22.5) are exclusive of the lower indentation (< 1.2) study sites.  
 
 
Figure 4.20. Correlation between the indentation index (Sl/Cl) and wave obliquity () along the 
study sites. 
 
The parameters and relationships being defined and explored herein describe the 
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4.2 Beach morphology and sediments 
Beach morphology was addressed in this study by analyzing beach profiles from which a 
number of geoindicators were extracted. Geoindicators were considered representative 
of the beach sampled by the profiles and further used to characterize and quantify aspects 
of the seasonal behavior of the beaches. The first subchapter presents the site-by-site 
analysis and the second subchapter portrays the alongshore distribution of the 
geoindicators along the overall study area.  
Beach profiles are depicted as 2D (distance vs elevation) cross-sections, colored by date. 
The position of the limits used to calculate the geoindicators (volume, width and slope) 
are represented by lines on the graphic – Coastline; Shoreline (SMHW) and Mean Sea Level 
(MSL). Two additional graphs depict the variation of the geoindicators through time. 
Sometimes the data didn’t allow for the calculation of the geoindicators, and in these 
cases the marker is absent and there is a gap in the lines.  
Figure 3.4 in Chapter 3. Methods, holds the location of the profile lines monitored at each 
study site, and might be helpful in the reading of this section of the results. 
 
4.2.1. Study sites 
1 Pedras Negras 
The two beach profiles monitored at Pedras Negras are typically 50 m wide and contact 
with an active foredune that reaches 12 m and 14 m above MSL at PPN1 and PPN2, 
respectively (Figure 4.21 and 4.22). They exhibit very similar geometries with beach-face 
slope characteristic of intermediate-type beaches, ranging between 0.05 and 0.15. In 
general, profiles present a concave shape with a gently seaward sloping and ill-defined 
berm that at times can exhibit a more complex configuration, especially noticeable in 
PPN1. This configuration of a wider and more sub-horizontal berm usually occurs in 
March and June, following the winter period. Other than these cases, the beach profile 
surface changes moderately, and the differences between winter and summer surveys 
are small, and slightly more evident at PPN2.  
 




Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.21. Beach profile PPN1 (Pedras Negras study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013. 
 
Large beach cusps develop, especially during the periods of higher sediment 
accumulation, and scarps frequently form at the horn of the cusps, where the slope is 
steepest and in a non-equilibrium state with the incoming waves (Figure 4.23 A). On the 
other hand, the more frequent, gentle and concave shaped profile facilitate the incursion 
of wave swash, and high water levels typical of the winter season, easily reach the dune 
creating scarps that can reach 5 m in elevation (Figure 4.23 B).  
The January 2013 winter storm promoted overwash along a 100 m long sector located 
between PPN1 and PPN2 (Figure 4.24), where the foredune crest lowers to 9 m above 
MSL. Due to poor GPS signal there are no beach profile surveys from this period to assess 
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the magnitude of change imposed by this storm, but field observations confirmed that 
wave swash reached the foredunes at PPN1 and PPN2. The next survey following the 
storm (March 2013) showed a robust beach with well-developed beach berm at both 
profiles, corresponding to the peak values for all geoindicators. 
 
Figure 4.22. Beach profile PPN2 (Pedras Negras study site) and variation of beach geoindicators 




Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
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Figure 4.23. A) scarp at the horn of a beach cusp fronting PPN1 on June 26, 2013; and B) dune 
face scarp at PPN2, on March 7, 2011. 
 
 
Figure 4.24. Pedras Negras study site. Photograph taken on January 23, 2013 following the Gong 
storm, and looking north towards PPN1 location. The footprint of the wave swash reach is 
visible along the seaward face of the foredune (far ground) and overwashing of a dune segment 
between PPN1 and PPN2 locations is shown in the foreground.  
 
Sediments are characterized by medium to coarse sand on the beach face, varying by 
about 1 unit of  between surveys (Figure 4.25). The dune sediments are more constant 
through time and correspond essentially to medium sand. Samples collected on the berm, 
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Figure 4.25. Variation of mean grain size for the period between March 2011 and June 2013, for 
samples taken at the beach face, beach berm and dune at Pedras Negras study site.  
 
The pattern of change observable during the monitored period is that of a peak of 
sediment accumulation (given by the increase in volume and width) occurring at the end 
of each winter, indicating quick beach recovery following the more energetic winter 
season, through the onshore migration of the nearshore bars that exist along this coastal 
stretch (Figure 4.26) that eventually weld to the dune toe. Typically, by September, the 
beach profile attains a lower and more concave geometry, in-equilibrium with the 
relatively more energetic wave regime reaching this site.  
 
 
Figure 4.26. Photograph taken on March 3, 2013 showing a large swash bar covered with 
coarser sediments (darker and seaward zone of the exposed beach) welding onto the upper 
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2 Paredes de Vitória 
Paredes de Vitória is characterized by concave beach profiles, with beach face slopes 
characteristic of dissipative/intermediate beaches (Figures 4.27 to 4.29). Summer 
profiles are generally higher and wider, reaching 100 m and more in width with 
development of one or two berms. Winter profiles, on the other hand, are typically 
concave and featureless, characterized by lower surfaces, smaller volumes and widths.  
The magnitude of seasonal variations is large, on the order of 100 m3/m and greater, 




Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.27. Beach profile PPV1 (Paredes de Vitória study site) and variation of beach 
geoindicators (volume, width and slope) for the period between March 2011 and June 2013. 
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Figure 4.28. Beach profile PPV2 (Paredes de Vitória study site) and variation of beach 
geoindicators (volume, width and slope) for the period between March 2011 and June 2013. 
 
Beach berm development is not synchronous in all profiles. There is a gradient of berm 
development between profiles that indicates longshore sediment transfer along the 
embayed beach, especially noticeable during the summer months, when sediment is 
brought onshore and the beach grows considerably. The early 2013 winter storm period 
promoted severe sediment loss in profile PPV1, leaving the subaerial section of the beach 
limited to a minimum volume and lowest width of the whole exposed beach (the lowest 
of the overall study period).  The other two profiles had already suffered sediment loss 
and surface lowering in the previous months, particularly during the December 2012 
storms, that had little effect on the other study sites, but promoted intense changes on 
the upper beach along Paredes de Vitória.  
 
 
Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       





Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.29. Beach profile PPV3 (Paredes de Vitória study site) and variation of beach 
geoindicators (volume, width and slope) for the period between March 2011 and June 2013. 
 
Figure 4.30 shows some aspects of the scarps created in December 2012, in some cases 
resulting in damage to the beach infrastructure and access routes in the central part of 
Paredes de Vitória. Again, the recovery along the beach was not simultaneous, and by 
March 2013 the beach profiles showed very different configurations. The middle and 
southernmost profiles already showed signs of recovery through onshore migration and 
welding of nearshore bars (swash bars), whereas the northern sector (PPV1) only started 
to recover by June 2013. 
 




Figure 4.30. Beach scarps formed along Paredes de Vitória upper beach area following the 
December 2012 storms. Central sector (PPV2) in panels A and B; northern sector (PPV1) in 
panel C; and southern sector (PPV3) in panel D. 
 
The sediments of the beach face at Paredes de Vitória are variable in mean grain size, 
alternating between medium sand and coarse sand in the PPV1 profile, between medium 
sand and gravel in the PPV2 profile, and medium sand and very coarse sand in the PPV3 
profile (Figure 4.31). In contrast, the sediments of the berm and dune correspond 
essentially to medium sand (slightly finer in the dune) at all three profiles, with rare 
exceptions of fine sand in the dune at PPV3 and coarse sand on the berm at PPV1 and 
PPV2 profiles. The presence of coarser sediments on the beach berm at the central profile 
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Figure 4.31. Variation of mean grain size for the period between March 2011 and June 2013, for 
samples taken at the beach face, beach berm and dune at Paredes de Vitória study site.  
 
3 Nazaré 
The beach at Nazaré is of reflective type, characterized by a steep beach face, with slopes 
ranging between 0.11 and 0.18, lowering to a minimum of 0.07 in a post-storm situation 
(Figures 4.32 to 4.34). Typically, two beach berms are present, reaching widths between 
70 m and 140 m, and exhibiting a large beach cusp system of decameter amplitude, more 
prominent in the central and southern sectors of the bay. The landwardmost berm is a 
stable feature, and changes in this area are mainly induced by anthropic action, through 
mechanical leveling for recreational purposes. PNZ3, in the southernmost sector is an 
exception because of the existing small dune field that is left to grow naturally. This berm 
develops between 5.5 m elevation (relative to MSL) and 8 m where it contacts with the 
seawall. At the northermost sector of the bay (PNZ1) however, this berm develops at 
lower elevations, reaching a maximum of 6 m at the contact with the seawall. The second, 
seawardmost beach berm is more mobile and may be as low as 3.5 m (above MSL) at the 
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The beach face is fairly constant in slope over time and advances seaward or retreats in 
tune with the growth or retreat of the beach berm. Maximum shift between consecutive 
surveys was of 10 m and a maximum of 20 m was measured throughout the overall study 
period. The exception is the early 2013 post-storm situation, wherein the shoreline 




Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.32. Beach profile PNZ1 (Nazaré study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013. 
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The early 2013 storm period, produced the lowest of all profile surfaces along the three 
monitored profiles. Furthermore, overtopping of the seawall occurred along the section 
between PNZ1 and PNZ2, resulting in beach sediment transport onto the seawall and 
adjacent road, and destruction of several beach equipment (Figure 4.35). By March 2013 
the beach had recovered and the three profiles exhibited configurations similar to those 




Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.33. Beach profile PNZ2 (Nazaré study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013. 
 
 




Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.34. Beach profile PNZ3 (Nazaré study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013. 
 
The Nazaré beach is very stable at the seasonal and annual scales, showing only 
significant changes when affected by storms with particular characteristics, that induce 
overwash of the beach berm and overtopping of the adjacent seawall (cf. Silveira et al., 
2016 for description of overwash-inducing storms). The singular setting of this 
embayment, at the head of the Nazaré canyon, makes it particularly vulnerable to higher 
waves that reach the beach with small dissipation of energy in the mearshore domain. 
The January 2013 storm recorded very high waves and induced the most intense changes. 
Still, the beach recovered quickly (within a month’s time) its previous ad typical 
configuration and width. 
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Figure 4.35. Upper beach area and seawall looking north towards PNZ2 profile location on 
January 20, 2013, following the Gong storm event.  
 
The process of destruction and reconstruction of the second berm seems to determine 
the morphodynamic behavior of this beach, althoug there was no evidence of a repetitive 
pattern during the three years of monitoring. The three monitored sectors showed 
similar behavior, suggesting that there is no significant longshore transport along the bay. 
The sediments of Nazaré beach vary in time and space between medium and very coarse 
sand (Figure 4.36). The permanency of a well-developed plunge-step, and the presence 
of beach cusps potentiate the accumulation of the coarser sediments that are detected in 
the record. The dune sediments at PNZ3 are very constant and correspond essentially to 
medium sand. 
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Figure 4.36. Variation of mean grain size for the period between March 2011 and June 2013, for 
samples taken at the beach face, beach berm and dune at Nazaré study site.  
 
4 Lagoa de Óbidos - Baleal 
Due to the weak GNSS signal closer to the cliffs that make up most of the Lagoa de Óbidos-
Baleal coastal stretch, many of the surveys of the three northernmost profiles did not 
reach the base of the cliff. Therefore, geoindicator measurements were made taking into 
account the maximum landward limit common to most of the surveys, around 10 to 20 m 
seaward of the actual coastline.  
From north to south, there is a gradient in the volumes of the beach. The volume and 
width increases, and the variability of the beach profile decreases from PLOB1 to PLOB4 
(Figures 4.37, 4.38, 4.40 and 4.41). The northernmost half of this sector (PLOB1 and 
PLOB2) is characterized by slopes typical of intermediate morphodynamic stages, around 
0.07, with presence of alongshore swash bars that can reach more than 50 m in length 
(Figure 4.39A). These bars migrate toward the shore and offshore (as seen in some cross-
sections) but seldom seem to connect with, or further migrate across the subaerial beach, 
and berm development is rare. The typical beach section presents a constant sloping 
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Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.37. Beach profile PLOB1 (Lagoa de Óbidos-Baleal study site) and variation of beach 
geoindicators (volume, width and slope) for the period between March 2011 and June 2013. 
 
The low and narrow beach surface, combined with the energetic wave regime that 
reaches this stretch of the coast, results in water levels easily reaching the base of the cliff, 
and explains frequent cliff collapse and landslides in this area (Figure 4.39B). Beaches 
vary considerably at the seasonal time scale, reaching minimum volumes of 5 m3/m and 
30 m3/m at PLOB1 and PLOB2, and exhibiting differences in elevation at their landward 
limit of 3 m and 2.5 m, respectively. At PLOB1, the featureless and gently sloping beach 
widens and shrinks without developing any prominent feature, other than the beach face, 
and showing no apparent cyclicity or seasonality. PLOB2 however, develops higher 
berms in the summer, and more flattened and featureless profiles during the winter. The 
exception is the 2013 summer profile that is extremely low. 




Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.38. Beach profile PLOB2 (Lagoa de Óbidos-Baleal study site) and variation of beach 
geoindicators (volume, width and slope) for the period between March 2011 and June 2013. 
 
The southernmost profiles, PLOB3 and PLOB4, are much more dissipative in terms of 
beach slope, characterized by average slopes of 0.03 and 0.02, respectively. Beaches are 
progressively wider southward, reaching a maximum of 64 m at PLOB3 and 100 m at 
PLOB4. Still, the upper beach area is low, and doesn’t build above 4.3 m. Variations of the 
beach surface are smaller and the profiles are much more stable trough time than those 
from the northernmost beaches. Except for a few occurrences of a berm feature, both 
profiles exhibit linear cross-sections characterized by a relatively constant-sloping 
surface. PLOB4 lower beach face contacts with a rocky platform, normally exposed during 
low-tide, and therefore there are no substantial changes or morphologic features 
developing at the lower intertidal area of the beach profile (Figure 4.42). 
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Regarding PLOB3 and PLOB4, the only evidence of a season-related behavior is that berm 
development mainly occurs during the summer season, translating into a modest 
increase in volume and width of the beach profiles towards September. There are 
exceptions in both cases, where berm development was detected at one of the winter 






Figure 4.39. Some characteristics of the PLOB1 area (Rei do Cortiço beach): A – longshore bar 
disposed parallel to the coast and gaps created by rip currents (photo from September 27, 
2011); and B – accumulation of cliff deposits originated from a landslide c. 25 m wide (photo 









Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.40. Beach profile PLOB3 (Lagoa de Óbidos-Baleal study site) and variation of beach 
geoindicators (volume, width and slope) for the period between March 2011 and June 2013. 
 
All profiles of the LOB study site had a lowering of the beach surface at the end of 2012 
following the early December storm and this was accompanied by volume and width 
decrease. In particular, PLOB1 experienced significant sediment removal that left 








Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.41. Beach profile PLOB4 (Lagoa de Óbidos-Baleal study site) and variation of beach 
geoindicators (volume, width and slope) for the period between March 2011 and June 2013. 
 
The LOB study site exhibits a gradient in morphological behavior associated to the 
variations in geomorphological framework and wave regime reaching this area. From 
north to south, beaches are generally more stable and more robust, and the three years 
monitoring suggest a discreet seasonal pattern related to berm feature development 
during summer. The northernmost sector is more exposed to the incoming wave regime 
and thus more prone to changes caused by storms. 
 
 




Figure 4.42. Aerial photograph from September 22, 2009, looking south towards the 
southernmost sector of the Lagoa de Óbidos-Baleal study site (the Baleal-Peniche sector in the 
background). PLOB4 characterizes the embayed beach making the northward façade of the 






Figure 4.43. Wave cut notches exposed at Rei do Cortiço beach (PLOB1 location). 
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The sediments of the Lagoa de Óbidos-Baleal coastal stretch decrease in mean diameter 
from north to south – average of 0.92, 0.76, 1.34, 2.03  for PLOB1, PLOB2, PLOB3 and 
PLOB4, respectively (Figure 4.44). The two northern profiles are more variable in terms 
of sediment grain size that ranges from medium sand to very coarse sand, whereas PLOB3 
sediments vary about 1 phi unit centered on medium sand, and PLOB4 sediments are 
practically invariable, between medium and fine sand. The berm sediments, when 
present, are practically identical to those of the beach face. The variation in grain size is 
compatible with a more energetic environment to the north (also associated to more 
frequent dismantling of the cliffs) and more sheltered conditions to the south. 
 
 
Figure 4.44. Variation of mean grain size for the period between March 2011 and June 2013, for 
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5 Baleal - Peniche 
The seasonal surveys of the Baleal-Peniche coastal stretch resulted in the creation of 10 
high-resolution digital elevation models covering the period between March 2011 and 
June 2013, extending from the base of the dune to at least the MSL contour position at the 
time of each survey (Figure 4.45). The DEM reveal a narrow beach with fairly constant 
sloping surface. The beach is slightly wider at the easternmost sector, at the Baleal 
tombolo. The area covered by each DEM can be quite different in what concerns the lower 
part of the beach, owing to the different beach features present at the time of each survey. 
Whereas the peripheral areas of the embayment tend to contact directly with the 
underlying rocky platform, the central part of the embayment often exhibits a complex 
morphology of bars and rip channels, as seen in some of the DEM and in Figure 4.46. The 
presence/absence of these features doesn’t seem to follow any temporal pattern, 
probably because they respond to events that occur at a shorter time scale (storm and 
post-storm recovery) than the seasonal surveys.  
Nonetheless, this is considered a stable sector given the small volumetric variation that 
was measured between surveys (Figure 4.47). Except for the 13% loss after the 
2012/2013 winter, all volumetric changes were within 10% of the total beach volume 
(average of 404 000 m3). Sediment budget analysis reveals a seasonal pattern related to 
beach volume gain during the summer period (between March and September) and 
beach volume loss during the winter (October to February, after the impact of storms) as 
depicted in Figure 4.48. Maps of differences in elevation obtained by subtracting 
consecutive DEM portray the locations of sediment removal and accumulation between 
surveys (Figure 4.49). The most intense net sediment loss is well evidenced in the figure 
portraying the differences between the December 2012 and March 2013 surveys. There 
is generalized loss of sediment from the upper beach and base of the dune, and little 
sediment accumulation in the lower beach area.  
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Figure 4.45. Digital elevation models of the Baleal-Peniche study site covering the period 
between March 2011 and June 2013.  
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Figure 4.46. Satellite image of the central-eastern sector of the Baleal-Peniche study site, 
showing the bar and rip channels system. 
 
 
Figure 4.47. Beach volume measured from each survey of the Baleal-Peniche study site. Left 
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Figure 4.48. Seasonal and annual sediment budget for the Baleal-Peniche study site. Total 
accretion (blue bars), erosion (red bars) and net volume change (circle markers) between 
consecutive surveys and between the months of June of each year of the survey period. 
 
The pattern of sediment transfers is variable along the study period. Spots of erosion and 
accretion occur either as limited and focused sites along the embayment, or as alongshore 
areas that extend for much of the embayment. Both cross and longshore sediment 
transport seem to occur, probably associated to the migration of the bar system that 
develops adjacent to the beach face. 
Changes at the annual scale are of the same order of the seasonal ones (Figure 4.48 and 
4.50), and reflect the net changes that occur along the year. Three years, however, are not 
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Figure 4.49. Map of elevation differences portraying the altimetric changes between consecutive 
surveys. Locations of sediment loss are highlighted in orange-red color scale and locations of 
sediment gains in green color scale. 




Figure 4.50. Difference in elevation maps portraying the annual altimetric changes between the 
June surveys. Locations of sediment loss are highlighted in orange -red color scale; and locations 
of sediment gains in green color scale. 
 
The cross-sections of the Baleal–Peniche study site, corresponding to PBP1 to PBP4 beach 
profiles, reveal the same general pattern of behavior as detected in the DEM analysis 
(Figures 4.51 to 4.54). Beach profiles depict narrow and dissipative beaches, concave-
shaped and usually lacking berms, and landward limited by high dunes (except for PBP1), 
that reach 8 and 12 m above MSL. From PBP3 to PBP1, along the eastern half of the 
embayment, there is a gradual increase in beach width and volume, and, inversely, a 
decrease in the average slope. PBP4 in the westernmost sector behaves similarly to PBP2. 
A small berm develops during the summer, detectable in the June and September surveys, 
just above 2-3 m (MSL), more frequently at PBP1 and seldom in the remaining profiles. 
There is an exchange of sediment between the upper and lower beach, and the area 
between MSL and the mean high water (SMHW) lines corresponds to the rotation point of 
the profiles. Still, the beach is generally featureless and most changes occur mainly by the 
alternate lowering and raising of the beach surface, and thus the fairly constant slopes. 
PBP3 seems to be an exception and the entire beach surface is lowered or raised in its 
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Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.51. Beach profile PBP1 (Baleal-Peniche study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013. 
 
Volumes tend to increase in the summer season, and decrease in winter. However, 
contrast between summer and winter periods is not as evident in profiles as in the DEM 
volumetric analysis. PBP3 shows a different behavior, whereby volume increases 
following a storm season. This might be explained by the transfer of sediment from the 
dunes to the beach during storm events.  
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Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.52. Beach profile PBP2 (Baleal-Peniche study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013. 
 
Storm effects frequently correspond to the collapse and erosion of the foredunes that are 
easily reached and occasionally overtopped by storm waves during higher water levels 
(Figure 4.55 – upper and middle panels). Conversely, dune build-up is favored during low 
water levels when the beach surface provides the source and configuration for onshore 
winds to transport sand across the beach-dune system (Figure 4.55 – lower panel). Still, 
changes in the profiles and corresponding geoindicators are small and the result is a fairly 
stable coastal stretch in line with the findings of the DEM analyses.  
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Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.53. Beach profile PBP3 (Baleal-Peniche study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013. 
 
The morphological analysis indicates that Baleal-Peniche coastal stretch is fairly stable, 
experiencing small changes that are associated with the winter/summer seasonality. 
Sediment exchanges seem to be mostly cross-shore, including the active dune system in 
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Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.54. Beach profile PBP4 (Baleal-Peniche study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013. 
 
The Baleal-Peniche coastal stretch is also very stable in the sedimentary content (Figure 
4.56). The sediments of the beaches characterizing this section of the coast correspond 
essentially to fine to medium sands (≈2 ), with some exceptions of coarse sand collected 
on the beach face at PBP2 profile during the March 2012 and 2013 surveys.  
 





Figure 4.55. Photographs of the Baleal-Peniche study site showing prominent scarping of the 
foredune on March 23, 2011 (upper panel), and December 16, 2011 (middle panel), and the 
aspect of the beach dune-system with windblown sand accumulating against, and rebuilding the 
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Figure 4.56. Variation of mean grain size for the period between March 2011 and June 2013, for 
sediment of the beach face, berm and dune at Baleal-Peniche study site.  
 
6 Santa Cruz 
The cross-shore profiles of Santa Cruz study site depict well developed and wide beaches 
that may present two berms (Figures 4.57 to 4.59) in summer. A permanent high berm 
stands between 5 and 6.5 m (MSL). In the beginning of the summer and especially 
following a particularly severe winter, this upper beach area may be artificially shaped 
by mechanical means to create a levelled and optimized area for recreational use. This is 
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Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.57. Beach profile PSC1 (Santa Cruz study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013. 
 
The lower berm is ephemeral and mobile in elevation and location along the profile, its 
crest lying between 2.5 m and 5 m (MSL), and shifting a total of 30 m in cross-shore 
position during the survey period and at all profile locations. Regarding slope, beaches 
vary between modal intermediate and reflective stages, and may acquire a gentler slope 
(typical of dissipative beaches) following a storm event.  
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Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.58. Beach profile PSC2 (Santa Cruz study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013. 
 
There is a seasonal behavior associated to the beach changes. In all three profiles the 
beach tends to grow in summer through the building of the upper beach and berms. 
Except for the 2011 summer in PSC1, these changes are accompanied by an increase in 
volume. During winter, the beach berm retreats and beach profiles become flatter, and 
slope decreases. The effect of the 2011/2012 winter on PSC2 was an exception to this 
pattern, because there was a net increase in volume and width. Changes induced by 
storms included creation of scarps of metric dimensions, and depletion of the beach face 
sediment, to the point that the rocky platform got exposed in the southernmost sector. 
The effects of the early 2013 storm on profile PSC3 are depicted on the middle and lower 
panels of Figure 4.60. 




Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.59. Beach profile PSC3 (Santa Cruz study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013. 
 





Figure 4.60. Ground photographs of the Santa Cruz study site showing a prominent scarp at 
PSC1 on June 12, 2013 (upper panel), and PSC3 on March 13, 2013 (middle panel), and the 
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Santa Cruz experiences considerable changes in beach configuration, volume, area and 
slope. Its modal characteristics are those of a reflective beach with a high and robust 
landward berm and a typical steep beach face that migrates with the growth and 
destruction of the summer berm.  
Contrary to the morphology, the sedimentary content of Santa Cruz beach (Figure 4.61) 
is fairly constant, characterized by medium to coarse sand at the beach face (average 
mean diameter around 1 ), and coarse sand at the beach berm (sometimes medium sand 
at PSC1). There is a slight increase in mean diameter from north to south. 
 
 
Figure 4.61. Variation of mean grain size for the period between March 2011 and June 2013, for 
sediment of the beach face and berm at Santa Cruz study site.  
 
7 Coxos 
The one profile that characterizes Coxos beach (PCX1), describes a typically reflective 
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Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.62. Beach profile PCX1 (Coxos study site) and variation of beach geoindicators (volume, 
width and slope) for the period between March 2011 and June 2013. 
 
The cross-sections depicted in the figures above do not represent the full width of the 
beach, and are often incomplete because of survey limitations, and therefore some 
geoindicators’ values are missing. Even so, the beach face corresponds to a stable feature 
for the entire study period, with relatively constant slope and location. The most relevant 
changes occur at the beach berm that oscillates in elevation between 3.8 and 5.5 m (MSL), 
and shifts c. 25 m in berm crest position. The berm retreats and grows in elevation during 
winter, and gets lower and builds seaward during summer. During the monitored period, 
the beach had small changes. 
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The embayed character of Coxos beach is also responsible for a weak variability in the 
sedimentary content (Figure 4.63). The beach berm is typically characterized by coarse 
sand, and the beach face ranges from coarse to medium sand, with an average diameter 
of 0.94 . 
 
 
Figure 4.63. Variation of mean grain size for the period between March 2011 and June 2013, for 
sediment of the beach face and berm at Coxos study site.  
 
8 Baleia/Sul 
The three profiles monitored at Baleia/Sul study site describe an alongshore varying 
embayed beach, mainly constrained by the existing structures and human manipulation 
of the sediment (Figure 4.64 to 4.66). Nonetheless, the beach presents an unvarying steep 
beach face, typical of more reflective beaches and the lower surface contacts with the 
underlying rocky platform that is normally exposed and deprived of any sedimentary 
accumulation forms. 
Beach volume and width increase from north to south, as well as their variability. Both 
PBS1 and PBS2 (north and central profiles) correspond to sloping surfaces extending 
landward of the rocky platform and culminating against the seawall, at elevations 
between 3 and 4.5 m (MSL). The well-developed beach berms depicted in the summer 
profiles of PBS2 correspond to artificial morphologies. They were built through beach 
scrapping in order to increase the available beach space for users, and wave action 
destroys this feature in the following months.  
In, the southernmost sector, PBS3 presents a naturally-developing beach berm that can 
reach 25 m in width, and that gradually increases in elevation to 5.5 m (MSL) where it 
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Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.64. Beach profile PBS1 (Baleia/Sul study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013. 
 
Storms promote lowering of the beach surface at PBS2 and PBS3 profiles, commonly 
resulting in more concave-shaped profiles. PBS1, on the other hand, increases in volume 
and area following a storm while maintaining the same linear configuration. Still, changes 
to the Baleia/Sul beach surface following a storm are modest. During extreme events, 
high water levels easily inundate the beach and rise above the structure that limits the 
beach, leading to overtopping and sediment transport over the seawall (Figure 4.67). 
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Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.65. Beach profile PBS2 (Baleia/Sul study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013. 
 
Overall, Baleia/Sul is a narrow beach with conditions for berm development only in its 
southern end, where the presence of a groin allows for sediment to accumulate. Changes 
to the configuration and morphology are minor, and its reduced size allows for recurrent 
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Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.66. Beach profile PBS3 (Baleia/Sul study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013. 
 
The sheltered and low-energy environment that characterizes this beach is also reflected 
in the sediment content that is practically size-invariant during the two and a half years 
of monitoring (Figure 4.68). The sediments of the beach face and berm correspond to 
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Figure 4.67. Effects of storms at Baleia/Sul beach. Overwash and sediment deposition over the 




Figure 4.68. Variation of mean grain size for the period between March 2011 and June 2013, for 
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9 Magoito 
All three profiles at Magoito study site (PMG1 to PMG3) describe a typical narrow 
platform beach with limited sediment availability. The beach corresponds to a small 
volume of sediment overlying the rocky platform that is often exposed below MSL 
(Figures 4.69 to 4.71). Some surveys failed to fully represent the cross-sections due to 
GNSS equipment malfunction because of the proximity to the high cliffs, especially along 




Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.69. Beach profile PMG1 (Magoito study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013. 
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In general, summer profiles present a narrow and low beach berm, developing between 
2.5 and 3.5 m (MSL) in elevation, growing landward and reaching 4 m (MSL), 
consequently creating steeper beach slopes that are characteristic of intermediate type 
of beach. Winter profiles are more linear and featureless, typically showing gentler 
slopes, characteristic of more dissipative beaches. There are exceptions to this behavior, 
especially at PMG3. 
 
 
Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.70. Beach profile PMG2 (Magoito study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013.  
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Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.71. Beach profile PMG3 (Magoito study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013. 
 
After a severe storm, the sediment might be almost completely removed, leaving the 
rocky platform exposed in its full extension up to the cliff or structure that make the beach 
landward limit. This pattern may persist for several weeks, as shown by the effects of the 
January 19, 2013 storm that stripped off all sand from Magoito beach, the whole profile 
still reducing to the hard substrate two months after this storm subsided (Figure 4.72). 
Magoito is a typical platform beach with limited sediment availability, and therefore is 
characterized by a low surface with narrow berm building during the summer. Storms 
may result in almost complete removal of the sediment, and exposure of the underlying 
rocky platform. 




Figure 4.72. General view of Magoito beach looking north towards PMG2, in November 29, 2012 
(upper panel), and in March 12, 2013 (lower panel), showing the effect of the January 19, 2013 
storm that left the rocky platform completely exposed. 
 
Sediments vary very little, from medium to coarse sand, with mean diameters of 1.37, 
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Figure 4.73. Variation of mean grain size for the period between March 2011 and June 2013, for 
sediment of the beach face and berm at Magoito study site.  
 
10 Tamariz 
The four Tamariz beach profiles describe the alongshore varying morphology of this 
embayed beach that is enclosed between structures and subjected to eastward net littoral 
drift, whereby the beach increases in volume and area from west to east (Figures 4.74 to 
4.77, PTM1 to PTM4). PTM1, located west of the main embayment, depicts a narrow 
beach face with no berm, extending from the rocky platform below MSL, to the seawall 
structure c. 3 m above MSL. This surface has slope characteristic of reflective beaches, 
and is morphologically very stable. But in winter and post-storm conditions, the beach 
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Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.74. Beach profile PTM1 (Tamariz study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013. 
 
The most striking characteristic of the remaining three profiles is the well-developed 
beach berm that occurs systematically during the summer. This is an artificial berm, built 
through beach scraping, to serve the recreational purpose of this urban beach. Berm 
width increases from PTM2 to PTM4, towards the groin that limits this embayment, and 
elevation is consistently low, not exceeding 3.5 m (MSL). The beach face is steep, with 
slope values between 0.10 and 0.11, characteristic of intermediate to reflective profiles. 
 




Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.75. Beach profile PTM2 (Tamariz study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013. 
 
Except for the surveys following the January 2013 winter storms, cross-sections differ 
somewhat from the summer ones. There is some lowering of the beach berm crest and a 
tendency to make the profile more linear, with sediment cross-shore redistribution and 
consequent lowering of the beach slope. However, changes are minor and the 
geoindicators remain fairly constant.  
 




Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.76. Beach profile PTM3 (Tamariz study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013. 
 
The 2013 post-storm profiles are significantly different from the remaining ones, 
especially at PTM2, where the beach acquired a concave shape. During storm events, 
sediment mobilization is more intense and its redistribution across the profile, on- and 
off-shore, results in the destruction of the berm and in a more linear profile, with a gentler 
slope. The adjacent seawall is, at times, overtopped during these events, resulting in 
sediment transport over the seawall (Figure 4.78). 
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Figure 4.77. Beach profile PTM4 (Tamariz study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013.  
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Figure 4.78. Example of storm effects on Tamariz beach. Overtopping of the seawall and 
overwash along PTM2 and PTM3 during a storm that hit the site on October 2010. 
 
In general, Tamariz is a fairly stable beach, artificially reshaped during the summer sand 
acquiring a more natural and linear shape during winter. Storms, however, impact this 
site by lowering of the beach surface and, more severely, by overtopping and damaging 
the seawall that limits the beach.  
Beach sediment consists of medium sand, practically invariable over the two and a half 
years of monitoring (Figure 4.79). There is, however, a slight decrease in mean diameter 
from west to east: 1.5  in PTM1 and PTM2; 1.6  in PTM3 and 1.7  in PTM4. Samples 
from the beach berm show that sediments at the eastern three profiles (when present), 
are systematically coarser than those of the beach face (about 0.3 ), although they are 
also classified as medium sand. 
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Figure 4.79. Variation of mean grain size for the period between March 2011 and June 2013, for 
samples taken at the beach face, beach berm and dune at Tamariz study site.  
 
11 Costa da Caparica 
Costa da Caparica study site is described in two sections, one relative to São João da 
Caparica and another, referred to as Groin field beaches, relative to the subsequent 
beaches that extend southward until, and including, Praia da Saúde. 
São João da Caparica 
Eleven digital elevation models were created from the high-resolution topographic 
surveys carried out at Sao João da Caparica (Figure 4.80). The beach is consistently wider 
in the northernmost sector, frequently presenting a wide berm that contacts with the 
adjacent dune field, and progressively narrows southward. At its southernmost region, 
the beach contacts the adjoining seawall structure. Here, the beach usually reduces to a 
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Figure 4.80. Digital elevation models of the São João da Caparica beach, part of the Costa da 
Caparica study site, covering the period between March 2011 and June 2013.  
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Changes between successive surveys reached as much as 20 % of the average beach 





Figure 4.81. Beach volume measured from each survey of the São João da Caparica beach. Left 
axes: absolute volume (x103 m3) and right axes: volume relative to average. 
 
Sediment budget analysis between consecutive surveys was obtained from the difference 
in elevation surfaces that hold the magnitude of sediment losses and gains along the 
beach (Figure 4.82 and 4.83). Positive net changes occurred always in the summer 
season, between March and June, or June and September, whilst net sediment losses 
concentrated in the winter, between September and December, or December and March. 
Furthermore, these surfaces of altimetric change depict alternate and opposite behaviors 
between the northern and southern sectors, indicating that the beach rotates seasonally 
by growing in the south and eroding in the north during summer, and retreating in the 
south and accreting in the north during the winter. The analysis of the shoreline (MSL 
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Figure 4.82. Difference in elevation surfaces portraying the altimetric changes between 
consecutive surveys at São João da Caparica beach. Locations of sediment loss are highlighted in 
orange -red color scale; and locations of sediment gains in green color scale. 
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Figure 4.83. Seasonal and annual sediment budget for São João da Caparica beach. Total 
accretion (blue bars), erosion (red bars) and net volume change (circle markers) between 
consecutive surveys and between the months of June of each year of the survey period. 
 
The surfaces and shorelines depict a segment of relative stability located between 300 
and 600 m south of the northernmost groin, suggesting that this is the rotation point of 
the beach.  
The January 2013 winter storm had considerable impacts along the entire length of the 
beach. Sediment transfers reached a maximum of 94000 m3, almost exclusively related to 
sediment loss, between December 2012 and March 2013, and the shoreline retreated on 
average 20 m along its full extension and up to 41 m in the south sector. There were 
evidences of some sediment transfer towards the upper part of the beach and dunes, 
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Figure 4.84. Shoreline change between consecutive surveys, March 2011 to Jun 2013, at São João da Caparica. Colored vectors depict MSL contour 
displacement every 10 m alongshore. 
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Figure 4.85. Photograph taken on January 21, 2013, of the upper beach area at São João da 
Caparica, showing the accumulation of wind-blown sand against sand fences and covering one 
of the concessionary areas. 
 
Annual variations, obtained from the comparison between the DEM from June of each 
year, are comparable in magnitude and spatial distribution to those of the seasonal scale. 
Three years of monitoring is insufficient to detect an annual and long term behavior, and 
the difference in elevation models actually portray the occurrences of the preceding 
winter season (Figure 4.86). 
 
 
Figure 4.86. Difference in elevation maps portraying the altimetric changes between the June 
annual surveys at São João da Caparica beach. Locations of sediment loss are highlighted in 
orange -red color scale; and locations of sediment gains in green color scale. 
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The cross-sections pertaining to the São João da Caparica section of Costa da Caparica 
study site, correspondent to the PCC1 to PCC8 beach profiles (Figures 4.87 to 4.94), reveal 
the same general pattern of behavior as detected in the DEM and shoreline analysis, 
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Figure 4.87. Beach profile PCC1 (Costa da Caparica study site) and variation of beach 
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Figure 4.88. Beach profile PCC2 (Costa da Caparica study site) and variation of beach 
geoindicators (volume, width and slope) for the period between March 2011 and June 2013. 
 
In general, all cross-sections reflect the high variability of São João da Caparica, changing 
considerably in volume, width and slope. The latter parameter, for example, varies 
between 0.02 (typically in the winter) and 0.10 for all profiles, corresponding to 
alternating morphologies with different stages of beach berm growth. 
Profiles located north of the rotation point (PCC1 to PCC3) show wider berms, developing 
at higher elevations (4 m) than the southernmost ones (3 m). PCC7 and PCC8, in the 
southernmost sector of the beach, are the narrowest profiles, and seldom show berm 
development. This is mostly due to the limited accommodation space fronting the seawall 
structure that exists there, but also because of the induced reflection processes. 
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Figure 4.89. Beach profile PCC3 (Costa da Caparica study site) and variation of beach 
geoindicators (volume, width and slope) for the period between March 2011 and June 2013. 
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Figure 4.90. Beach profile PCC4 (Costa da Caparica study site) and variation of beach 
geoindicators (volume, width and slope) for the period between March 2011 and June 2013. 
 
In general, it is possible to detect a seasonality associated to the beach configuration, 
where the widest and most robust configuration (with substantial berm development) 
occurs in summer, and the narrowest and most flattened configuration corresponds to 
winter or post-storm periods. Nevertheless, beach configurations in between these two 
peaks occur during the overall survey period, with narrower berms in some summer 
surveys, and occurrence of intertidal bar welding onto the beach face in some winter 
surveys. As a consequence of this variability, the pattern of volume and width evolution 
through time does not show a clear seasonality. 
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Figure 4.91. Beach profile PCC5 (Costa da Caparica study site) and variation of beach 
geoindicators (volume, width and slope) for the period between March 2011 and June 2013. 
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Figure 4.92. Beach profile PCC6 (Costa da Caparica study site) and variation of beach 
geoindicators (volume, width and slope) for the period between March 2011 and June 2013. 
 
Overall, São João da Caparica beach undergoes considerable variation at the seasonal 
scale, with volumetric changes on the order of 104 m3 and migration of the shoreline by 
tens of meters, capable of affecting the entire subaerial beach, up until its landward limit. 
There is a seasonal behavior related to beach rotation, with retreat of the northernmost 
sector and accretion in the southernmost one until September, and opposite behavior 
until December.  
During the study period, storms reached and overtoped the dunes and structure, 
promoting the creation of scarps of several meters. Still, post-storm recovery took place 
in a few months, indicating that the beach corresponds to a resilient system. 
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Figure 4.93. Beach profile PCC7 (Costa da Caparica study site) and variation of beach 
geoindicators (volume, width and slope) for the period between March 2011 and June 2013. 
 
 




Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.94. Beach profile PCC8 (Costa da Caparica study site) and variation of beach 
geoindicators (volume, width and slope) for the period between March 2011 and June 2013. 
 
Sediment description for São João da Caparica is based on the samples collected at 
profiles PCC2 and PCC6 (Figure 4.95). Sediments are classified as fine to medium sand. 
PCC2 beach face, berm and dune sediments are very similar and invariant through time, 
with average mean grain size values of 1.8 . Sediments of the southernmost section of 
the beach (characterized by PCC6) are somewhat coarser and a little more variable than 
those of the northern section, showing an average mean diameter of 1.6  at the berm. 
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Figure 4.95. Variation of mean grain size for the period between March 2011 and June 2013, for 
samples taken at the beach face, beach berm and dune at São João da Caparica section of the 
Costa da Caparica study site.  
 
Groin field  
The Groin field section of Costa da Caparica study site corresponds to the beaches that 
extend southwards of São João da Caparica. Six beach profiles – PCC9 to PCC14 – describe 
the beaches that develop between groins (Figures 4.96 to 4.101), and three profiles are 
located south of the last groin – PCC15 to PCC17 – and describe the northern tip of the 
sand ribbon with open beaches that characterize the Caparica-Espichel coastal stretch 
(Figures 4.102 to 4.104). PCC15, is located adjacent to the last (southernmost) groin and 
is limited by the seawall in its landward side, and therefore behaves similarly to the 
within-groins profiles. 
Beach profiles enclosed by the groins are generally concave in shape, narrow (maximum 
of 80 m), and with slopes typical of dissipative to intermediate morphodynamic stages 
(0.04-0.05 on average). PCC9 to PCC11 are narrower than the rest of the beaches and 
generally featureless, characterized by small volumes. From PCC12 southwards, the 
coastline bends inland, following the configuration of the seawall, whereas the shoreline 
retains its general alignment. For this reason, the southernmost beaches have more space 
to retain more sediment and thus more volume. These conditions allow for the 
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Figure 4.96. Beach profile PCC9 (Costa da Caparica study site) and variation of beach 
geoindicators (volume, width and slope) for the period between March 2011 and June 2013. 
 
The full cross-section of the profiles in the groin field experiences variations up to the 
contact with the seawall, varying in height at the coastline on the order of 2.5-4 m. The 
impact of winter storms is felt along the entire length of the groin field beaches promoting 
decrease in volume and width.  
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Figure 4.97. Beach profile PCC10 (Costa da Caparica study site) and variation of beach 
geoindicators (volume, width and slope) for the period between March 2011 and June 2013. 
 
The beaches south of the groin field, and outside the influence of the seawall (PCC16 and 
PCC17), are wider (70 m on average) and present a much more stable and frequent beach 
berm. Variations are on the same order of magnitude as the northernmost ones, but 
significant vertical variation is limited to the seaward portion of the profile, and changes 
are very small at the coastline, at the contact with the dune. Seasonality is evident in the 
behavior of winter profiles that lose sediment and become more dissipative following a 
major storm, such as the December 2012, and January 2013 storms.  
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Figure 4.98. Beach profile PCC11 (Costa da Caparica study site) and variation of beach 
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Figure 4.99. Beach profile PCC12 (Costa da Caparica study site) and variation of beach 
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Figure 4.100. Beach profile PCC13 (Costa da Caparica study site) and variation of beach 
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Figure 4.101. Beach profile PCC14 (Costa da Caparica study site) and variation of beach 
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Figure 4.102. Beach profile PCC15 (Costa da Caparica study site) and variation of beach 
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Figure 4.103. Beach profile PCC16 (Costa da Caparica study site) and variation of beach 
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Figure 4.104. Beach profile PCC17 (Costa da Caparica study site) and variation of beach 
geoindicators (volume, width and slope) for the period between March 2011 and June 2013. 
 
Sediments of the groin field beaches are similar to those of São João da Caparica, varying 
between fine and medium sand (Figure 4.105). PCC13 and PCC17 are very constant 
through time and their sediments have mean diameter between 1.6 and 1.8 . PCC10 is 
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Figure 4.105. Variation of mean grain size for the period between March 2011 and June 2013, 




Rainha beach shows a distinct morphology between summer and winter seasons (Figure 
4.106). Summer profiles typically present two beach berms. The landward berm is c. 20 
m wide and develops at 4.5 m (MSL), culminating against the dune that is consistently 
scarped and reaches 10 m (MSL). The second berm develops between 2.5 m and 3 m 
(MSL) and may reach 35 m in width. Winter profiles are lower and lack the second berm, 
and become more linear-shaped or concave. Redistribution of the sediment occurs both 
seaward and landward, and accumulation of sediment in the upper beach and base of the 
dune is also characteristic of winter profiles, especially following a storm (Figure 4.107). 
The evolution of the geoindicators reflects the morphological contrast between summer 
and winter profiles, through the systematic decrease in volume and area in the winter, 
although the several storms that occurred during the study period did not inflict major 







Mar-11 Jun-11 Sep-11 Dec-11 Mar-12 Jun-12 Sep-12 Dec-12 Mar-13 Jun-13
()
PCC10













Mar-11 Jun-11 Sep-11 Dec-11 Mar-12 Jun-12 Sep-12 Dec-12 Mar-13 Jun-13
PCC17




Time of surveys:        winter period         summer period          storm event 
Geoindicators:            volume/slope        width       
Figure 4.106. Beach profile PRA1 (Rainha study site) and variation of beach geoindicators 
(volume, width and slope) for the period between March 2011 and June 2013. 
 
In the lower part of the beach, below MHW, the beach acquires a gentler slope that 
gradually becomes subhorizontal, progressing into a low tide terrace that is often 
characterized by the presence of sandy swash bars developing at around MSL or higher. 
Despite the variations in elevation and position of the beach face, slope varied very little 
throughout the 2.5 years of monitoring, lying in the dissipative range, between 0.01 and 
0.04. 
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Figure 4.107. Sediment transported landward during storms and accumulated in the upper 
beach area, at the base of the dunes, and beach accesses at Rainha study site. Example from the 
January 2013 storm. 
 
The monitoring at Rainha study site revealed a pattern of changing morphology between 
winter and summer profiles. The more seaward berm is the mobile feature that grows 
and retreats seasonally, whereas the landward berm persists through time, varying only 
in elevation. 
Sediment grain size at Rainha study site is very stable in time and space (Figure 4.108). 
Average values of mean diameter of 1.9, 2.0 and 2.1  for the beach face, beach berm and 




Figure 4.108. Variation of mean grain size for the period between March 2011 and June 2013, 
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13 Fonte da Telha 
Both profiles surveyed at Fonta da Telha study site depict a beach with highly changeable 
morphology that contacts with a high dune (8-9 m MSL) through a pronounced sloping 
surface (Figures 4.109 and 4.110). This type of surface is more evident along the beach 
section adjacent to the developed backshore and corresponds to the effect of trampling. 
Away from the developed area, the contact between the dune and beach is sharp and 
marked either by a narrow string of embryo dunes or by the slope-break at the toe of the 
vegetated foredune. The geoindicators evolution indicates some seasonality in the beach 
behavior, with volume, area and slope decreasing during winter season. Both summer 
and winter profiles present berms at different stages of growth or retreat, or a flatter 
surface with only a short berm present. Berms develop anywhere between 2.5 m and 4 
m (MSL) at both profiles, and migrate cross-shore as much as 35 m. Likewise, the 
occurrence of a low tide terrace is not persistent, nor characteristic of a time of the year. 
Still, the lowest beach surfaces do correspond to winter surveys, and, interestingly, 
winter and post-storm surfaces also have a constructive character and typically depict 
the higher berms and higher sediment accumulation in the upper beach area, as a result 
of the landward sediment transport, wave- and wind-driven, that occurs during a storm. 
The dune features however, remained fairly constant and no major changes were 
recorded.  
Slope values were highly variable, ranging between 0.02 and 0.13, crossing the 
dissipative to reflective categories. Similar to Rainha, shore-parallel sand bars are also 
present along Fonte da Telha site, but located farther offshore, and thus with no 
expression on the beach profile. When the berm builds seaward and in elevation, 
conditions are propitious for the development of beach scarps that can reach 1.5 m 
(example on Figure 4.111).  
Fonte da Telha varies considerably in volume, area and slope throughout the year, 
showing a seasonal trend of sediment decrease during winter. However, there is no clear 
summer or winter morphology associated with these changes and berm development can 
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Figure 4.109. Beach profile PFT1 (Fonte da Telha study site) and variation of beach 
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Figure 4.110. Beach profile PFT2 (Fonte da Telha study site) and variation of beach 
geoindicators (volume, width and slope) for the period between March 2011 and June 2013. 
 
Fonte da Telha sediments correspond to medium sand and show no significant difference 
between the two profiles (Figure 4.112). Average mean diameter for both profiles is 1.7 
and 1.6  for the beach face and dune samples, respectively, and the beach berm is slightly 
coarser, with 1.4 . 
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Figure 4.111. Scarp formation after a storm hitting the site, wave swash having reworked a wide 
and elevated berm. Photograph taken by Ivana Bosnic on April 21, 2012. 
 
 
Figure 4.112. Variation of mean grain size for the period between March 2011 and June 2013, 
for sediments of the beach face, berm and dune at Fonte da Telha study site.  
 
14 Lagoa de Albufeira 
Lagoa de Albufeira beach profile depicts a robust beach with a wide and high single beach 
berm (c. 45 m wide developing at 4.5 m relative to MSL) that gradually increases in 
elevation towards the cliff that constitutes its landward limit (Figure 4.113). The beach 
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states sometimes growing in the summer towards development of a second berm located 
seaward at 3 m (MSL). Beach cusps, with decametric length, are commonly present. In 
the winter season, the berm retreats between 10 and 20 m.  The geoindicators record this 
seasonality, especially the beach volume and width that consistently decrease in winter 
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Figure 4.113. Beach profile PLA1 (Lagoa de Albufeira study site) and variation of beach 
geoindicators (volume, width and slope) for the period between March 2011 and June 2013.  
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Lagoa de Albufeira represents the southernmost sector of the Caparica-Espichel littoral 
arc, and is characterized by a robust beach with a typical beach berm morphology that 
responds to the seasonal wave climate. 
Sediments correspond to coarse sand, with average mean diameter of 0.9  at the beach 
face, 0.6 at the beach berm, and 0.8 at the dune (Figure 4.114). Beach face sediments 




Figure 4.114. Variation of mean grain size for the period between March 2011 and June 2013, 
for sediments of the beach face, berm and dune at the Lagoa de Albufeira study site.  
 
4.2.2. Overall study area 
Distribution of beach geoindicator values for all the beach profiles along the study area, 
and for the overall surveys conducted between 2011 and 2013, is depicted in the form of 
boxplot diagrams in Figures 4.115 (volume), 4.116 (width) and 4.117 (slope). The full 
geoindicator values is presented in Appendix B.  
Patterns of spatial distribution of volume and width along the study area are identical in 
broad terms and show the high variability both in average dimensions and in amplitude 
of change. Some of the alongshore variations detected within the study sites are 
highlighted in the diagrams. For example, the Lagoa de Óbidos-Baleal and Baleia/Sul 
study sites, depict increase in beach dimensions towards south, whereas at the São João 
da Caparica section of the Costa da Caparica study site the beach dimensions decrease 
towards the south. However, looking at the overall distribution of beach geoindicators, 
there is no clear alongshore spatial trend at the regional scale, only similarities of beach 
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Nazaré study site profiles clearly stand apart from the general beach volume and width 
values recorded along the study area, with average values on the order of 800 m3/m and 
160 m, for volume and width, respectively.  These are twice the values of the PSC3 profile 
(at Santa Cruz study site) that presents the highest of the records for the remaining 
beaches. 
The magnitude of change between surveys is also different along the study area, with 
beaches varying as much as 500% of their mean volume throughout the survey period 
(Paredes de Vitória), and coastal stretches experiencing volume changes as low as 10 and 
20% (Tamariz and Baleal-Peniche) over the same two and a half years. 
The most variable of the beaches, in volume and width, are Paredes de Vitória, Santa Cruz, 
and the northernmost profiles of Costa da Caparica (São João da Caparica section) that 
recorded ranges of volume variation higher than 200 m3/m, reaching a maximum of 302 
m3/m at PPV1. Likewise, these sites recorded large amplitudes of width variation, higher 
than 60 m, and reaching 107 m at PPV2.   
Some beaches stand out for the small range of variation, when compared with the rest of 
the study sites. The southernmost profile of Lagoa de Óbidos – Baleal, Baleal-Peniche, 
Baleia/Sul, Magoito, Tamariz, and the northernmost profiles of the groin field section of 
Costa da Caparica (PCC9 to PCC11) recorded the smallest variations during the study 
period. All of these sites recorded amplitudes of volume and width variation below 50 
m3/m and 20 m, respectively. 
Beach slope values range from as low as 0.01 at Paredes de Vitória, to a maximum of 0.18 
at Nazaré. The latter, along with Santa Cruz (southern section), Baleia/Sul, Tamariz and 
Lagoa de Albufeira show the highest values of slope, clearly within the reflective range. 
There are some sites that lie on the other side of the morphodynamic spectrum, with very 
low values of slope, characteristic of dissipative beaches: the southernmost profile of the 
Lagoa de Óbidos-Baleal stretch, Baleal-Peniche and Rainha study sites. The majority of 
the beach profiles, however, lie within intermediate morphodynamic range in what 
concerns slope characteristics.  
A striking characteristic of beach slope along the study area is the large range of variation 
within each profile (Figure 4.117). Almost half of the overall beach profiles show values 
that range between the dissipative and reflective fields. This is a reflection of beach 
seasonal variation and the response of the study site’s beaches to winter storms and 
following recovery, as described earlier.  
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Figure 4.115. Boxplots of beach volumes (m3/m) data for all beach profiles surveyed along the 
study area.    
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Figure 4.116. Boxplots of beach width (m) data for all beach profiles surveyed along the study 
area.    
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4.2.3. Morphology and sediment parameters used in the exploratory 
analysis 
Statistical parameters pertaining to the morphology and sediments description were 
further used in the exploratory analysis (Chapter 5). Table 4.2 holds the statistical values 
used – average and standard deviation. For the purpose of the analysis, and as explained 
in Subchapter 4.1, two of the study sites (LOB and CC) were divided, and therefore two 
new locations were added to the data – BL (corresponding to beach profile PLOB4) and 
SJC (corresponding to beach profiles PCC1 to PCC9).   
 
Table 4.2. Statistical values of the geoindicators pertaining to the morphology and sediment 
parameters of each study site used in the exploratory analysis. Average values of subaerial 
beach volume (Vol), beach width (Width), beach face slope (Slope) and sediment mean diameter 
(MzFace); and standard deviation of beach volume (vol) and width (width). 
Study site Vol (m3/m) vol (m3/m) Width (m) width (m) Slope MzFace () 
01 PN 188.8 38.26 52.5 10.14 0.07 1.00 
02 PV 217.7 73.78 61.9 23.60 0.05 0.66 
03 NZ 720.1 36.91 147.0 6.00 0.16 0.87 
04a LOB 81.0 30.24 31.3 11.21 0.03 1.27 
04b BL 219.3 7.22 92.2 3.88 0.03 1.27 
05 BP 152.3 14.98 55.3 4.96 0.04 1.99 
06 SC 327.2 64.29 76.0 13.97 0.12 1.04 
07 CX 239.7 12.86 60.9 2.82 0.11 0.94 
08 BS 66.7 12.81 21.8 2.06 0.14 0.44 
09 MG 92.6 33.15 35.7 7.19 0.06 1.23 
10 TM 100.4 14.04 37.1 2.61 0.11 1.60 
11a SJC 235.8 46.55 71.5 17.18 0.06 1.83 
11b CC 202.0 32.84 56.1 9.50 0.04 1.88 
12 RA 275.1 25.96 80.5 9.28 0.02 1.98 
13 FT 228.3 22.61 67.9 8.49 0.06 1.65 
14 LA 269.5 25.29 64.0 6.79 0.13 0.84 
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4.3 Hydrodynamic forcing 
The hydrodynamic forcing was analyzed in terms of waves (both offshore/deepwater 
conditions - and nearshore regimes), tides, and their combined effect. A method was 
developed to estimate total water levels, including the contributions of surge and wave 
runup along the study sites, validated with local field data. The results describe the site-
specific total water level regimes, providing frequency, magnitude and elevation reach of 
the free surface of the ocean driving beach morphological change.  
 
4.3.1. Waves 
4.3.1.1. Offshore wave regime 
Validation results 
The deepwater wave time series was compared with the available synoptic data from the 
oceanic wave buoy Monican01-CSA88/1, located in deep water off the coast of Nazaré 
(http://monican.hidrografico.pt/en) and maintained by the Instituto Hidrográfico. A 
total of 23262 records spanning a little over 3 years, with some gaps, were used in the 
comparison and there is a good agreement between the two time series (example of Hs 
comparison in Figure 4.118).  
 
 
Figure 4.118. Comparison of deepwater Hs records between the WW3 modelled data and the 
measured data at the Monican oceanic wave buoy, for the period between March 2010 and July 
2013. 
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Bias and root mean square error (rmse) between observed and modeled values of Hs, T 
and direction, for the period between March 2010 and July 2013, yielded values 
presented in Table 4.3. Validation results were similar to those obtained by Dodet et al. 
(2010) and indicate that the hindcast wave data are of acceptable quality and provide an 
adequate representation and quantification of reality. Differences between observed and 
modelled wave height data indicate that the model somewhat underestimated this 
parameter, particularly during storm conditions. However, the present study is more 
concerned with the modal conditions, and therefore the poorer representation of 
extreme conditions is not expected to impact the results. Differences in the deepwater 
wave direction are strongly attenuated as waves propagate onshore, and therefore 
expected deviations between modelled values at the study site outputs and field data are 
herein considered acceptable.   
 
Table 4.3. Error statistics derived from the comparison between the WW3 modelled wave 
parameters and those measured at the Monican oceanic wave buoy, for the period between 
March 2010 and July 2013. 
Error statistics Hs (m) Tp (s) θp (°) 
rmse 0.44 1.9 23.21 
bias 0.15 -0.38 13.57 
Number of records 23262 
 
   
1979-2014 wave regime 
The offshore wave time series used in the present study spans the period from January 1, 
1979 to August 31, 2014. It describes a high energy wave regime that propagates towards 
the central Portuguese west coast practically exclusively from the northwest quadrant 
(Figure 4.119) with mean significant wave height of 2.1 m and mean peak period of 11.1 
s (Table 4.4). 
 




Figure 4.119. Wave rose of the offshore wave record spanning the period from 1979 to 2014, 
depicting the frequency of significant wave heights according to wave directions.  
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There is a clear seasonality associated with the wave regime offshore the study area, with 
larger wave heights and periods during winter, and smaller heights and periods in 
summer, as depicted in the boxplots in Figure 4.120. The typical values of both 
parameters show small fluctuations throughout the year, but the maximum values, 
especially in wave height, vary substantially. Wave direction (Figure 4.120, lower panel) 
also displays a seasonal pattern, shifting between more northerly incoming waves during 
summer, and more westerly incoming waves during winter. 
 





Figure 4.120. Boxplots depicting the statistics (maximum, modal, minimum and 25th and 75th 
percentiles) of the monthly distributions of wave height (upper panel), wave period (middle 
panel), and wave direction (lower panel) for the offshore wave regime for the 1979 to 2014 
time period. 
 
During the 36-year period analyzed, 282 storm events occurred (Figure 4.121). As 
described in Chapter 3, Storm events are herein defined as periods when offshore Hs 
remained consistently higher than 5 m (according to the storm threshold established by 
Costa and Esteves, 2009), including intervals of lower Hs shorter than 24 h (as defined by 
Silva and Taborda, 2014). 
Storm frequency was usually higher during the months of December and January. They 
are typically from WNW (296°) with average Hs of 5.9 m and Tp of 15 s. 50% of the records 
show a duration of less than 12 hours, and 20% less than 24 hours. During the 36-yr 
period a total of 25 storms exceeded 8 m Hs, and maximum values reached 11 m Hs and 
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Figure 4.121. Offshore significant wave height record spanning the period from 1979 to 2014, 
with demarcation of storm events in red. 
 
2011-2013 wave regime 
The wave characteristics during the study period (Figure 4.122) are similar to the 36-
year time series, with mean significant wave height of 2.2 m, mean wave period of 11.4 s, 
and mean wave direction of 305° (Table 4.5). The seasonality associated with higher 
energy levels in the winter and calmer conditions in the summer is evident in the time 
distribution of wave period and height, and the most noteworthy record are those of the 
2011 and 2013 winters. Overall, there were 20 storms during the study period, similar to 
those described for the 36-yr period of wave data: average Hs of 5.9 m, Tp of 15 s and 
typically from WNW (296°). 
 
Table 4.5. Wave parameters statistics, derived from the January 2011 to August 2013 period 
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Figure 4.122. Offshore wave parameters (significant wave height in upper panel, peak period in 
middle panel, and mean direction in lower panel), for the study period. 
 
The offshore wave regime during the two and a half years study period can therefore be 
considered representative of the general and modal conditions of the forcing climate 
reaching this coast, having not induced exceptional conditions to the study beaches.  
 
4.3.1.2. Nearshore wave regime 
The nearshore wave regime at each study site was obtained through modeling of wave 
propagation and arriving from the offshore conditions. The following section describes 
the results of the validation of the simulation outputs. Subsequently, the description of 








































































































































































































































































































The validation results indicate that the wave propagation model produces a very 
satisfactory description of the nearshore wave regime. The simulated wave 
characteristics at both validation locations are in good agreement with the measured 
parameters. Table 4.6 presents the error statistics derived from the comparison between 
the model output and the in situ measurements.  
 
Table 4.6. Results of the validation of the wave propagation model. Error statistics: bias - mean 
error; rmse – root mean squared error; nrmse – normalized rmse; r - correlation coefficient; N – 










bias -0.02 2.88 -4.98 
rmse 0.30 3.30 17.6 
nrmse 0.26 0.58 - 
r 0.88 0.56 - 
N 15728 15728 15728 
IH ADCP * 
Praia de 
Almagreira 
bias 0.00 -1.51 1.89 
rmse 0.42 2.41 9.1 
nrmse 0.23 0.22 - 
r 0.88 0.70 - 
N 2812 2812 2812 
* Source: Ribeiro (2013) 
 
The wave height parameter shows the best fit with the observed data. Modeled values of 
Hs are practically unbiased and with rmse values below 0.42 m. The correlation 
coefficient of 0.88 for both validation points indicates a very good fit between the 
datasets, as shown in Figures 4.123 and 4.124 (upper panels). Wave period presents 
lower correlation coefficients (0.56 and 0.7), but still good rmse values, especially when 
model results are compared with the ADCP measurements. The larger bias derived from 
the comparison with the APL buoy data, indicates overestimation of the modeled wave 
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period, as depicted in figures 4.123 and 4.124 (middle panels). This overprediction is in 
part due to the modelling strategy that did not account for the higher-frequency locally-




 Figure 4.23. Comparison between the wave parameters measured at the APL wave buoy, and 
the model results, for the period between 31 July 2005 and 31 December 2008 (height in upper 
panel, period in middle panel, and direction in lower panel).  
 
The validation results for the wave direction parameter differ between the two locations, 
presenting 17.6° and 9.1° of rmse for the APL buoy, and the IH ADCP, respectively. Bias is 
also not consistent, indicating underestimation in the first case, and a slight 
overestimation on the second location. Again, the exclusion of the wind-derived local 
waves can explain these differences. Moreover, there is a systematic time lag between the 
datasets because the model was run in stationary mode and therefore did not take into 
account the propagation time from offshore to the simulation point. Nonetheless, for this 
type of model, validation results are considered satisfactory (Dykes et al., 2002; 
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observed records, and therefore the obtained model results were considered good 
descriptors of the nearshore wave regime along the study area. 
 
 
Figure 4.124. Comparison between wave parameters obtained in the wave propagation model, 
and the wave parameters recorded at the APL wave buoy (significant wave height in upper 
panel, peak period in middle panel, and mean direction in lower panel). Red line segments 
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Nearshore wave regime at the study sites 
Despite being exposed to the same general offshore wave regime, the study area is 
characterized by varying nearshore wave conditions, and the several study sites present 
contrasting incident wave characteristics. The continental shelf morphology and 
configuration presents alongshore variations that modulate the patterns of wave 
propagation and interaction with the sea floor as they approach the coast. These 
differences are reflected in the nearshore wave parameters as shown in the alongshore 
depiction of the average values of height, period and direction, in Figure 4.125.  
 
 
Figure 4.125. Mean wave parameters (height, period and direction) at each simulation point 
along the study area. In the left panel, color and orientation of the arrows indicate mean 
significant wave height and mean wave direction, respectively.  
 
Mean wave height ranges between 1 and 2 m, with exception of the northernmost 
simulation point at Nazaré and the simulation point fronting Tamariz that present a mean 
wave height of 0.7 m.  Mean wave period is fairly constant throughout the study area, 
ranging between 8.9 and 10.2 s. The only exception corresponds to the Tamariz study site 
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that is characterized by larger mean wave period, 10.5 s. This might be due to the sharp 
contrast in orientation between the coastline north of Cabo Raso (northeast-southwest), 
and the segment where Tamariz is located (east-west). This configuration provides an 
effective shelter to shorter and smaller waves, and only longer waves are refracted and 
reach this beach.  
Mean wave direction tends to be orthogonal to the general orientation of the bathymetry 
at the location of the simulation point. The observed alongshore variation of this 
parameter reflects differences in the trend of the nearshore ocean bottom, mirrored by 
the shoreline orientation. The statistical parameters derived from the study sites’ 
nearshore wave time series (36-year period) are presented in Table 4.7. 
There is a clear distinction between the study sites located north of Cabo Raso (PN to MG 
– open symbols in Figure 4.126), and the southernmost ones (solid symbols in Figure 
4.126). The former sites are exposed to a higher wave energy regime, with mean wave 
heights higher than 1.5 m, whilst the latter are characterized by nearshore mean wave 
heights lower than 1.4 m. The few exceptions correspond to the Nazaré beach, and the 
southernmost simulation points at Lagoa de Óbidos-Baleal and Baleal-Peniche stretch.  
 
 
Figure 4.126. Representation and distribution of the study sites nearshore wave average 
conditions in terms of mean wave height and mean wave period.  
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The lower wave regime at NZ was probably the product of the limited exposure of this 
coastal segment to the incident waves – the lowest of all study sites (see chapter 2. Study 
area). The LOB and BP simulation points that present an exception to the observed 
pattern, are located near promontories that limit the coastal stretches and embayments, 
and therefore are under the influence of the bottom irregularities associated with these 
features. Cabo Raso combined with the presence of the Tagus prominent ebb delta, 
promote sheltering and wave refraction effects that account for the lower nearshore 
wave regime that characterizes the study sites located towards the south.  
Figures 4.127 to 4.137 depict the nearshore significant wave height distribution along the 
computational grids for the study sites, obtained from the wave propagation model. The 
portrayed example is of an average offshore wave characterized by the mean height, 
period and direction values for the 36-year time series. The figures also present wave 
roses depicting the directional distribution of wave height for the 36-year wave time 
series at the simulation points used as model output to derive the nearshore wave time 
series.  
Wave regime is, as expected, very similar within each study site, with exception of those 
areas that are highly embayed. In these cases, alongshore variations of the wave 
distribution is clear between the more exposed sectors and those that are more 
peripheral and generally more influenced by the lateral boundaries of the beach system. 
NZ and LOB are an example of this variability. Simulation points fronting the most 
peripheral and sheltered profile locations (the northernmost one in NZ and the 
southernmost one in LOB), are characterized by different distribution of depth-sensitive 
properties of nearshore waves (direction and height) when compared to the remaining 
ones.  
When arriving at shallower depths, waves have already experienced some 
transformations. The wave directional range becomes much smaller than in the offshore 
domain, and confined to directions that are close to orthogonal to the shoreline. This 
filtering of wave directional spreading is especially evident in NZ, BP and TM sites, where 
the directional distribution of wave height is characterized by a single predominant mode 
of wave direction. 
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Table 4.7. Nearshore wave parameters’ statistics for each study site, for the period between 























wPPN1 1.97 5.86 4.81 2.48 1.68 1.20 9.6 297 
wPPN2 1.92 5.77 4.67 2.40 1.65 1.18 9.6 296 
Paredes 
de Vitória 
wPPV1 2.01 6.02 4.88 2.55 1.72 1.21 9.7 291 
wPPV2 1.96 5.94 4.78 2.47 1.68 1.19 9.7 291 
wPPV3 1.84 5.77 4.51 2.30 1.58 1.13 9.5 295 
Nazaré 
wPNZ1 0.74 4.03 1.87 0.94 0.63 0.42 9.1 252 
wPNZ2 1.15 5.22 2.72 1.45 1.01 0.70 9.2 275 





wPLOB1 1.77 7.02 4.24 2.19 1.54 1.11 9.4 315 
wPLOB2 1.81 6.76 4.33 2.26 1.58 1.14 9.5 317 
wPLOB3 1.60 6.26 3.72 1.98 1.42 1.02 9.4 326 
wPLOB4 1.32 5.91 3.33 1.68 1.15 0.78 10.1 353 
Baleal – 
Peniche 
wPBP1 1.49 5.07 3.50 1.86 1.32 0.95 9.5 327 
wPBP3 1.56 5.24 3.75 1.95 1.38 0.98 9.7 332 
wPBP4 1.27 4.59 3.03 1.62 1.14 0.79 9.7 341 
Santa Cruz 
wPSC1 1.86 6.84 4.71 2.33 1.57 1.12 9.6 297 
wPSC2 1.85 7.28 4.66 2.31 1.58 1.12 9.6 298 
wPSC3 1.78 6.67 4.43 2.21 1.52 1.10 9.5 301 
Coxos wPCX1 1.92 7.36 4.86 2.43 1.63 1.13 9.7 287 
Baleia/Sul wPBS1 1.65 6.26 4.10 2.06 1.41 0.99 9.4 285 
Magoito wPMG1 1.81 6.78 4.41 2.25 1.55 1.12 9.4 295 
Tamariz wPTM1 0.72 4.49 2.14 0.96 0.59 0.34 10.5 210 
Costa da 
Caparica 
wPCC1 1.36 4.57 3.51 1.80 1.21 0.73 10.2 235 
wPCC2 1.38 5.42 3.46 1.83 1.21 0.77 9.9 245 
Rainha 
wPRA1 1.16 5.31 2.87 1.49 1.02 0.67 9.4 252 
wPFT1 1.00 5.87 2.74 1.26 0.82 0.54 8.9 257 
Fonte da 
Telha 
wPFT2 1.00 5.91 2.76 1.26 0.82 0.54 8.9 258 
Lagoa de 
Albufeira 
wPLA1 1.30 6.88 3.25 1.65 1.12 0.76 9.2 276 
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The wave height spatial distribution along the nearshore illustrates the rapid changes 
that waves experience near the coast and how they differ from site to site, depending on 
the bottom morphology. Wave transformation processes include wave refraction and 
shoaling that are represented by the alongshore and cross-shore wave height variations 
and most noticeable near prominent features, such as promontories. The shallower depth 
perturbations on the wave height distribution pattern are, in general, due to proximal 
features such as longshore bars, and their location and magnitude are inevitably 
dependent on the bathymetry used for the model. In fact, the bathymetric description 
used herein represents an instantaneous time frame that may or may not be the most 
typical configuration of the site. Although one must acknowledge this limitation of the 
data, it is considered that the output simulation points are located deeper than this zone 
of highest variability, and therefore may be considered fairly representative of the typical 
and modal conditions affecting the area. 
In general there is a reduction in wave height from the offshore, indicative of the influence 
of the refraction processes as waves travel onshore. Nonetheless, the shoaling process 
and increase in wave height closer to shoreline is clear in the model results. 
 
 
Figure 4.127. Nearshore significant wave height distribution at Pedras Negras study site, 
obtained from the propagation of an average offshore wave. Wave roses depict the directional 
distribution of Hs for the 36-year wave time series at the simulation points. 




Figure 4.128. Nearshore significant wave height distribution at Paredes de Vitória study site, 
obtained from the propagation of an average offshore wave. Wave roses depict the directional 
distribution of Hs for the 36-year wave time series at the simulation points. 
 
 
Figure 4.129. Nearshore significant wave height distribution at Nazaré study site, obtained from 
the propagation of an average offshore wave. Wave roses depict the directional distribution of 
Hs for the 36-year wave time series at the simulation points. 




Figure 4.130. Nearshore significant wave height distribution at Lagoa de Óbidos - Baleal study 
site, obtained from the propagation of an average offshore wave. Wave roses depict the 
directional distribution of Hs for the 36-year wave time series at the simulation points. 
 
 
Figure 4.131. Nearshore significant wave height distribution at Baleal-Peniche study site, 
obtained from the propagation of an average offshore wave. Wave roses depict the directional 
distribution of Hs for the 36-year wave time series at the simulation points. 




Figure 4.132. Nearshore significant wave height distribution at Santa Cruz study site, obtained 
from the propagation of an average offshore wave. Wave roses depict the directional 
distribution of Hs for the 36-year wave time series at the simulation points. 
 
 
Figure 4.133. Nearshore significant wave height distribution at Coxos study site, obtained from 
the propagation of an average offshore wave. Wave rose depicts the directional distribution of 
Hs for the 36-year wave time series at the simulation point. 




Figure 4.134. Nearshore significant wave height distribution at Baleia/Sul study site, obtained 
from the propagation of an average offshore wave. Wave rose depicts the directional 
distribution of Hs for the 36-year wave time series at the simulation point. 
 
 
Figure 4.135. Nearshore significant wave height distribution at Magoito study site, obtained 
from the propagation of an average offshore wave. Wave rose depicts the directional 
distribution of Hs for the 36-year wave time series at the simulation point. 




Figure 4.136. Nearshore significant wave height distribution at Tamariz study site, obtained 
from the propagation of an average offshore wave. Wave rose depicts the directional 
distribution of Hs for the 36-year wave time series at the simulation point. 
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Figure 4.137. Nearshore significant wave height distribution at Costa da Caparica – Cabo 
Espichel stretch, that includes the Rainha, Fonte da Telha and Lagoa e Albufeira study sites, 
obtained from the propagation of an average offshore wave. Wave roses depict the directional 








The water levels record at the Cascais tide gauge for the period between January 1, 1979 
and August 31, 2014 is presented in the middle panel of figure 4.138, along with the 
predicted tide levels (upper panel) and the calculated residuals (lower panel). The 
segments in the residual record that correspond to zero are gaps in the measured time-
series that were filled with data extracted from the astronomical tide predictions. Two 
records from the measured dataset (21-Nov-2007 16:00:00 and 29-Feb-2008 16:00:00) 
have unusually low values of low tide (-2.08 m). These two records were considered 
measurement errors and removed from the data series that was subsequently used in the 
data analysis. Table 4.8 lists the maximum and minimum values of the predicted and 
measured water levels, as well as of the residual values. 
In both measured and predicted records, the average water levels are above 0 m: 0.11 
and 0.10 m, respectively. This offset is expected and mainly due to sea level rise relative 
to the static datum (established in 1938) that levels are measured to at the gauge.  
 
 
Figure 4.138. Water levels for the period between January 1, 1979 and 31 August 31, 2014, for 
the Cascais tide gauge. Predicted tide levels in upper panel, recorded water levels in the middle 
panel and residuals in the lower one. Values are relative to mean sea level.  
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Table 4.8. Statistics derived from the predicted and measured water levels, and the calculated 
residuals, for the period between 1979 and 2014.  
Water levels Max Min 
Predicted 2.03 -1.76 
Measured 2.28 -1.87 
Residual 0.72 -0.45 
 
Residual values correspond to the non-tidal component of water levels, and positive 
residuals to the surge effect that raises water levels. The distribution of the residual 
values shows a small asymmetry towards positive values as shown in figure 4.139, and 
concentrate in the lower values range, between -0.2 and 0.2 m. The surge-related records 
present a mean value of 0.08 m. This value is in agreement with the findings of other 
analysis of water levels’ time series for the same location (Andrade et al., 2006; Antunes 
et al., 2013). The surge component is relatively small when compared to the tidal range 
affecting the study area, and thus may be considered unimportant to the overall water 
levels affecting and imposing changes to the beach morphology. 
Figure 4.139. Histogram and distribution fit of the calculated residual. Positive values 
correspond to the storm surge component. 
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4.3.3. Total Water Levels 
4.3.3.1. Runup model validation results 
The four tested solutions for estimating the runup levels were compared with the 
observed field measurements of the high tide swash line (see Chapter 3. Methods). 
Figures 4.140 to 4.143 illustrate the relationship between the model input parameters 
and the runup being modeled (observed), and provide the coefficient of determination 
(R2) derived from simple linear regression. This coefficient was taken as indicative of the 
goodness of fit between the two variables. 
The runup distributions for the overall study sites are scattered and present a poor 
relationship between the modelled and observed values for all tested solutions (R2 
between 0.32 and 0.36). Table 4.9 presents the regression parameter derived from the 
linear regression analysis between the modelled and observed runup values for each 
solution, as well as error statistics derived from the fitted model results (bias, rmse and 
nrmse).  The data dispersion is in part due to the differences between the study sites that 
may not behave in the same way in response to the modelled variables, indicating that 
there is not a single solution for wave runup determination for the overall study area. 
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Figure 4.141. Comparison between the model input (solution #2 R=(H0L0)1/2) and the observed 
runup. 
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Figure 4.143. Comparison between the model input (solution #4 R=H10) and the observed 
runup. 
 
Table 4.9. Regression parameter (y-intercept) and error statistics (bias, rmse and nrmse) 
derived from linear regression analysis between the modelled solutions and the observed runup 
values for the overall study area. 
 R=H0ξ R=(H0L0)1/2 R=H0 R=H10 
slope 1.33 0.12 1.46 1.44 
bias -0.39 -0.07 -0.16 -0.18 
rmse 1.07 0.72 0.76 0.77 
nrmse 0.50 0.33 0.35 0.36 
 
The comparison and regression analysis applied separately to each study site provided 
better results in some cases, with R2 values as high as 0.8 (NZ, BP and RA study sites), but 
also some poorer relationships. Figure 4.144 presents the error statistics in the form of 
graph and table for each solution. The normalized rmse shows a good fit between the 
modeled and observed data for the overall study sites and modelled solutions, lying 
mostly within 0.3, and reaching as low as 0.14 for FT study site. 
As expected, the solution that best fits the observed data varies depending on the study 
site. However, the differences are not substantial, and the solution that offers the best 
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estimation of runup elevations for the overall sites is solution #2 (R=(H0L0)1/2). This 
solution provides the higher number of sites where predictions were correlated to the 
observations (R2 >0.6), and therefore where systematic errors could be corrected. BS, MG 
and TM are the only exceptions and present very low values of R2. Still, after fitted, the 
model provides normalized errors below 0.3. Only three study sites present rmse values 
above 0.5 m, and they are all below 0.7 m.  
Figure 4.145 shows the comparison between the observed and estimated runup values 
with solution #2, and the regression derived for each study site. The runup equations 




Figure 4.144. Error statistics (bias, rmse and nrmse) derived from linear regression analysis 
between the modelled and observed runup values for each solution and each study site. 
 





Figure 4.144 (continuation). Error statistics (bias, rmse and nrmse) derived from linear 
regression analysis between the modelled and observed runup values for each solution and 




Figure 4.145. Observed and modeled (solution #2) runup and linear-regression fitting for each 
study site. 
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Figure 4.145 (continuation). Observed and modeled (solution #2) runup and linear-regression 
fitting for each study site. 
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Table 4.10. Runup equations parameterized for each study site. 
Beach 
Runup Equation 
R = (HL)1/2 
01 PN R = 0.17 (HL)1/2  
02 PV R = 0.10 (HL)1/2  
03 NZ R = 0.14 (HL)1/2  
05 BP R = 0.13 (HL)1/2  
06 SC R = 0.16 (HL)1/2  
08 BS R = 0.15 (HL)1/2  
09 MG R = 0.09 (HL)1/2  
10 TM R = 0.12 (HL)1/2  
11 CC R = 0.11 (HL)1/2  
12 RA R = 0.08 (HL)1/2  
13 FT R = 0.09 (HL)1/2  
14 LA R = 0.15 (HL)1/2  
 
The validation procedure determined that runup can be predicted with sub-meter 
accuracy using the height and period of the offshore waves, through site-specific and 
locally parameterized formulas.  
 
4.3.3.2. Total water levels at the study sites 
With the selected and parameterized runup solutions and by adding the SL component, a 
36-year time series of total water levels (TWL) was calculated, with a total of 104 199 
records (example of RA study site in Figure 4.146).   
The descriptive statistics of each study sites’ TWL time series is presented in Table 4.11, 
through the mean, maximum and standard deviation values, as well as the 25th, 50th, 75th 
and 97. 5th percentiles. The latter value represents an extreme water level condition, 
correspondent to elevations only reached 12 hours per year, on average. 
 




Figure 4.146. Total water level record for the 36-year time series of combined sea level and 
runup values for the RA study site. 
 
Table 4.11. Total water level statistics for each study site (values in m, above MSL). Mean, Max –
maximum, St.Dev - standard deviation, and percentiles (P).  
Beach Mean St.Dev. Max P97.5 P75 P50 P25 
01 PN 4.15 1.37 12.84 7.20 4.98 4.03 3.17 
02 PV 2.82 1.71 14.14 6.74 3.82 2.61 1.61 
03 NZ 3.35 1.20 10.59 5.94 4.09 3.28 2.48 
05 BP 2.97 1.36 11.56 5.99 3.79 2.86 2.01 
06 SC 4.03 1.23 11.55 6.70 4.79 3.95 3.14 
08 BS 3.08 0.85 6.55 4.69 3.73 3.09 2.41 
09 MG 1.35 0.82 3.73 2.82 2.02 1.34 0.71 
10 TM 2.34 0.91 6.66 4.12 2.99 2.33 1.63 
11 CC 2.54 1.01 8.03 4.62 3.22 2.52 1.78 
12 RA 1.67 1.06 7.66 3.89 2.37 1.64 0.89 
13 FT 1.85 0.84 5.08 3.41 2.50 1.86 1.18 
14 LA 3.25 1.18 10.32 5.79 3.99 3.19 2.40 
 
The highest TWL values are concentrated in the northernmost sectors of the study area. 
PN study site presents the highest mean value of TWL, above 4 m (above MSL), and 














- Geomorphological framework control on beach dynamics - 
 
 233 
standard deviation of 1.37 m, whilst PV displays the highest TWL value, above 14 m 
(above MSL). Extreme conditions (97.5th percentile) along the northernmost sites, and as 
far as BS, are characterized by TWL between 4.69 m (BS) and 7.20 m (PN), and maximum 
records along the four northernmost sites reach beyond the 10 m elevation (above MSL). 
South of BS, TWL values decrease in magnitude and also in range. The lowest of all TWL 
time series corresponds to MG study area, with a mean value of 1.35 m (above MSL). In 
this southernmost sector, extreme conditions values are below 4.62 m and are as low as 
2.82 m for MG study site. Variability of this parameter is also, in general, lower than that 
of the northernmost sector. LA study site is an exception to this alongshore spatial 
pattern, and presents a TWL record similar to that of the northernmost ones in magnitude 
and in range. 
The frequency distribution of the TWL data illustrates these alongshore differences in the 
water levels regime (Figure 4.147). In the northernmost study sites (PN, PV, NZ, BP and 
SC), TWLs spread over a wider range of classes of elevations whereas in the remaining 
study sites, TWLs tend to concentrate on the lower elevation classes. The upper tail of the 
cumulative distribution is also different, and shows that the northernmost study sites 
have higher probabilities of occurrence of high water levels. 
The TWL regime reflects the wave seasonality that affects the study area. Figure 4.148 
illustrates the monthly fluctuations in mean and maximum TWL at each study site. TWLs 
are on average 4.16 m in the winter (for January that is the month with highest TWL 
values), reaching a maximum mean of 5.04 m at PN study site, and a minimum mean of 
3.20 m at MG. In the summer, differences between study sites are smaller and, 
interestingly, for the month of July average TWLs range between a maximum of 1.54 m at 
MG, and a minimum of 1.11 m at PN.  Seasonal fluctuations in monthly average TWL reach 
3.9 m at PN, decrease towards south, reaching a minimum of 2.2 m at MG, and increasing 
again progressively southward, reaching a new maximum of 3.7 m at LA. 
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Figure 4.147. Distribution of the TWL data, described by absolute frequency (grey bar 
histograms) and relative cumulative frequency (blue curve), providing the probability of 
occurrence of water levels for each study site. 
 
TWLs combine the effects of the sea level and wave components that affect the study area 
and were successfully validated and parameterized for each study site, through the 
measures of swash limits imprinted on the beach (runup validation). The resulting time 
series reflect the hydrodynamic forcing that reaches each specific study site. Through this 
analysis it was possible to characterize and quantify each study sites’ TWL regime and, 
importantly, estimate typical and extreme elevation reaches of water levels that are 
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4.3.4. Hydrodynamic forcing parameters used in the exploratory analysis 
A subset of the analyzed parameters describing the hydrodynamic conditions during the 
study period – from January 2011 to August 2013 – were used to derive morphodynamic 
parameters and were used in the exploratory analysis (Chapter 5). Table 4.12 holds the 
average values of each parameter for each site. In addition to the parameters that were 
herein presented, the wave height at breaking was computed for each nearshore 
simulation point at the study sites. For the purpose of the analysis, and as explained in 
Subchapter 4.1, two of the study sites (LOB and CC) were divided, and therefore two new 
locations were added to the data – BL (corresponding to simulation point PLOB4) and SJC 
(corresponding to simulation point PCC1).   
 
Table 4.12. Average values of the hydrodynamic parameters of each study site, for the period 
between January 2011 and August 2013.  
Study site H0 (m) Hb (m) T (s) TWL 
01 PN 1.77 2.42 9.63 4.08 
02 PV 1.81 2.41 9.65 2.72 
03 NZ 0.94 1.55 9.20 3.29 
04a LOB 1.06 2.15 9.50 - 
04b BL 1.17 1.76 10.09 - 
05 BP 1.69 2.00 9.67 2.90 
06 SC 1.60 2.29 9.56 3.96 
07 CX 1.60 2.24 9.68 - 
08 BS 1.46 2.04 9.45 3.06 
09 MG 1.40 2.19 9.45 1.37 
10 TM 0.59 1.09 10.53 2.31 
11a SJC 1.30 1.81 10.18 2.50 
11b CC 1.42 1.82 11.18 - 
12 RA 1.30 1.57 9.45 1.62 
13 FT 1.05 1.37 8.88 1.83 
14 LA 1.24 1.72 9.19 3.20 
 



















Chapter 5. Analysis and Discussion 
Results presented in Chapter 4 are herein explored further, through investigation of the 
relations between the beach morphological and sedimentary response parameters, 
hydrodynamic forcing and geomorphological framework along the study area.  
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5.1. Beach state models  
In order to carry out the analysis of the data and make use of all the descriptive 
parameters, the two beach systems identified in Subchapter 4.1 (Geomorphological 
Framework) - Baleal (4b BL) and São João da Caparica (11a SJC) - were considered 
independently in the analysis, giving rise to 16 study sites. 
Most of the study sites’ beaches are classified as unconstrained – type I according to the 
conceptual model of Jackson and Cooper (2009). As verified from the beach profile 
analysis in the previous chapter, the majority of envelope-lines encompassing the beach 
profiles measured at each location do not interact with the underlying substrate. The only 
exception is Magoito beach that has rocky outcrops on the intertidal area, especially in its 
southernmost section, causing this beach to be classified as type III – Highly constrained. 
The other beach systems that have a rocky platform, BL, BP, CX, BS and TM, might be 
classified as type II – semi-constrained. Here, the underlying substrate interacts only with 
the subtidal zone of the natural beach profile envelope.  
The application of the data to commonly used beach state models’ formulations led to the 
calculation of the Surf Scaling Parameter - , the Dimensionless Fall Velocity Parameter -
 and the Embayment Scaling Parameter - ' (see Chapter 3 for description) for all the 
study sites. These are presented in Table 5.1, and in the following figures. 
There are some differences between the Surf Scaling Parameter and the Dimensionless 
Fall Velocity classifications of the studied beaches (Figures 5.1 and 5.2). PN, PV, SC, CX, 
MG, SJC and LA are classified as intermediate in both classifications. This type of beach is 
characterized by the presence of low tide terraces and bar and rip systems in the surf 
zone. These features occur at PN, PV, SC and LA, but field observations indicate they are 
not present at CX nor at MG.  On the contrary, both of these beaches exhibit exposed rocky 
platforms below low tide. LA in particular, is classified in the lower intermediate to 
reflective range, and this is consistent with the persistent berm and steep beach face, as 
well as the permanent presence of large cusps and coarser sediments at this location. TM 
is classified as reflective in both models, owing to the lower waves with longer periods. 
Accordingly, the beach presents reflective type characteristics, such as a well-developed 
berm and steep beach face.  
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Table 5.1. Surf Scaling Parameter - , the Dimensionless Fall Velocity Parameter – and the 
Embayment Scaling Parameter – ', for all the study sites. 
Beach   ' 
01 PN 9.44 2.04 75.0 
02 PV 19.87 2.67 10.2 
03 NZ 1.42 1.51 30.5 
04a LOB 44.86 1.81 56.7 
04b BL 83.37 0.95 14.3 
05 BP 27.57 1.14 54.1 
06 SC 3.43 1.90 17.9 
07 CX 3.73 1.96 5.6 
08 BS 2.18 3.25 6.4 
09 MG 12.59 1.67 5.3 
10 TM 1.64 0.63 9.5 
11a SJC 8.65 1.02 17.9 
11b CC 24.02 0.91 131.6 
12 RA 66.88 0.91 153.6 
13 FT 10.59 0.94 176.0 
14 LA 2.41 1.70 140.3 
 
 


















Figure 5.2. Dimensionless Fall Velocity –  - distribution along the study area. 
 
NZ is classified as reflective according to the Surf Scaling Parameter, mostly due to the 
extremely high values of the beach slope. Classification based on the Dimensionless Fall 
Velocity falls in the low-intermediate range category that, according to Wright and Short 
(1984), shares characteristics of the more reflective beaches. This includes a steep beach 
face and well-defined beach cusps, both observable characteristics at NZ. 
The low values of beach slope at LOB, BL, BP, CC and RA result in a classification of 
dissipative according to the Surf Scaling Parameter. However, they are classified as low 
intermediate to reflective according to the Dimensionless Fall Velocity. The former 
classification is in better agreement with the characteristics of the LOB-BP segment of the 
study area, where the wave heights are relatively large and the swash zone shows a low 
gradient. However, CC and RA are better described by the low intermediate to reflective 
types’ characteristics. 
FT exhibits similar characteristics to CC and RA, and is classified similarly according to 
the Dimensionless Fall Velocity, as low reflective. But, probably due to its steeper slope, 
compared to the other two sites, is classified as intermediate by the Surf Scaling 
Parameter. 
The high beach slope at BS, results in a classification of type reflective according to the 
Surf Scaling Parameter. But, the Dimensionless Fall Velocity provides an intermediate 
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type of beach state. Two factors influence this particular site, making it difficult to rely on 
any of the two classifications: the presence of the rocky platform and the intense human 
interventions in the beach.  
The Embayment Scaling Parameter classifies beaches based on the embayment 
configuration and incident wave characteristics, providing a degree of impact of the 
lateral boundaries on beach circulation (see Subchapter 3.4 - Exploratory Analysis) 
(Figure 5.3). According to this parameter, end effects are more intense at CX, BS, and MG, 
where occurrence of cellular beach circulation is expected. According to Short and 
Masselink (1999), in these situations longshore flow dominates within the embayment 




Figure 5.3. Embayment Scaling Parameter - ' - distribution along the study area. 
 
On the other extreme of the classification, PN, NZ, LOB, BP, and to a greater extent the 
southernmost sites of the study area along the Caparica-Espichel coastal segment, CC, RA, 
FT and LA, are considered as not impacted by the lateral boundaries of the system and 
experience normal beach circulation. Contrary to the other platform beaches, BP study 
site had nearshore bars in the central section of the embayment, suggestive of a normal 
circulation pattern away from the lateral boundaries and for most of the shoreline, and 
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Transitional beach circulation is suggested to occur at PV, BL, SC, TM and SJC. At these 
sites, longshore currents turning and flowing seaward near the lateral boundaries are 
expected, but normal beach circulation probably occurs away from the embayment ends.  
From the field observations, the application of the Embayment Scaling Parameter seems 
to provide an adequate classification of the study sites. 
Short and Masselink (1999) provide an additional model for beach state classification 
making use of the Embayment Scaling Parameter and the Dimensionless Fall Velocity 
(Figure 5.4), and therefore supportive of the previous classification.  
 
 
Figure 5.4. Plot of the studied beaches in the Dimensionless Fall Velocity () versus Embayment 
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Besides the wave characteristics, the beach state models described above make use of the 
beach slope (Surf Scaling Parameter), sediment size (Dimensionless Fall Velocity 
Parameter), and indentation index (Embayment Scaling Parameter). The Embayment 
Scaling Parameter provided a description of the beach systems that is closer to the 
observations. Unlike the other two parameters, the Embayment Scaling Parameter 
disregards the beach response characteristics (slope e sediments) and relies on the 
planform geometry to classify the beach state. In fact, the Embayment Scaling Parameter 
was introduced (Short and Masselink, 1999) to provide description of embayed and 
structurally controlled beaches, by quantifying relevant attributes of the 
geomorphological framework. 
Another aspect of the commonly used beach state models is that they refer to the 
morphodynamic character of the nearshore environment, including the surf and swash 
zones. The present study, however, focuses on the description and dynamics of the 
subaerial beach, as well as on its dependence on the hydrodynamic forcing and, 
especially, on the geomorphological framework controlling factor. Thus, the following 
section will make use of the Embayment Scaling Parameter and explore further the 
relation between the forcing and the bounding characteristics and response of the 
subaerial beach. 
 
5.2. Exploratory analysis 
The several descriptive parameters of the geomorphological framework, hydrodynamic 
forcing and beach response, are herein explored together. Given the significance of the 
Embayment Scaling Parameter, it was also used as a descriptor of the combined effects of 
the geomorphological control and hydrodynamic forcing.  
Figure 5.5 portrays the statistics of several parameters after normalization by the mean 
of the overall study area, showing the relative variation of each parameter along the study 
area. The Embayment Scaling Parameter (’) stands out as the most variable of all the 
parameters, whilst the wave period (Tp) is the least variable. In the hydrodynamic forcing, 
TWL seems to be the most variable along the study sites, and slope and volume variation 
(vol) show similar range of variability in the beach response. 
 




Figure 5.5. Relative variability of the several parameters descriptive of the geomorphological 
framework, hydrodynamic forcing, and beach response. 
 
The correlation matrix between all parameters is provided in table 5.2. Most of the 
significant correlations occur between variables of the same category of descriptors, 
meaning that they are different measures of the same feature, or at least mutually 
dependent. These cells are highlighted with light grey color. Particularly, the parameters 
that describe the geomorphological framework have very similar behavior and therefore 
correlate strongly with each other. In the hydrodynamic forcing, it is the offshore and 
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breaker wave heights that are strongly correlated, and in the beach response, the volume 
and width variation co-vary, as expected.  
 
Table 5.2. Correlation matrix between all measured variables. Darker cells indicate higher level 
of correlation between variables (> ±0.60). 
 Beach response Geomorphological framework Hydrodynamic forcing 
 Vol Width Slope MzFace a Sl Cl b Sl/Cl a/Cl ' H0 Hb Tp TWL 
Vol                
Width 0.90               
Slope -0.01 -0.33              
MzFace -0.21 -0.01 -0.64             
a -0.15 -0.02 -0.26 0.46            
Sl -0.05 0.07 -0.30 0.34 0.88           
Cl -0.03 0.08 -0.30 0.31 0.86 1.00          
b -0.42 -0.30 0.01 0.48 0.14 -0.13 -0.16         
Sl/Cl -0.52 -0.57 0.36 -0.11 -0.41 -0.64 -0.67 0.36        
a/Cl -0.51 -0.57 0.36 -0.08 -0.36 -0.65 -0.69 0.54 0.94       
' -0.13 0.00 -0.30 0.43 0.95 0.96 0.95 0.01 -0.53 -0.51      
H0 0.40 0.39 -0.16 -0.23 -0.14 -0.02 -0.02 -0.64 -0.03 -0.20 -0.11     
Hb 0.46 0.40 -0.08 -0.46 -0.44 -0.21 -0.20 -0.81 -0.10 -0.28 -0.37 0.85    
Tp -0.05 0.02 -0.25 0.40 -0.06 -0.09 -0.09 0.37 0.05 0.09 -0.16 -0.07 -0.12   
TWL 0.30 0.09 0.53 -0.51 -0.32 -0.07 -0.06 -0.37 0.04 -0.13 -0.22 0.37 0.44 0.01  
 
One correlation that stands out is that between beach face mean grain size and mean 
slope. The results show an inverse relationship between the variables, indicating that 
beaches with coarser sediments have steeper slopes (Figure 5.6). This is in agreement 
with multiple observations from several beaches worldwide, and reported in the 









Figure 5.6. Linear regression analysis between the beach face mean slope and mean grain size, 
showing correlation between the parameters (R = -0.64).   
 
Outside the “same category” descriptors comparison, the correlation matrix highlights 
only two meaningful relationships between variables: the wave obliquity (b) has an 
inverse behavior relative to the breaking wave height (Hb) and, to a lesser degree, to the 
offshore wave height (H0). The variation of wave height with changing b values is shown 
in the scatter plot in figure 5.7. The observed pattern is expected. The lower the b, the 
more exposed the coast is to the dominant waves and the less the incident waves are 
transformed by refraction when propagating onshore. The higher the b the more 
sheltered the coast is, meaning that the incoming waves will incur a higher degree of 
refraction before breaking  at the coast, experiencing higher energy divergence along the 
embayments and thus lower wave heights reaching the beach. 
Apart from these two particular cases, no significant correlations were detected between 
the several parameters. Simple linear regression analysis between the multiple 
parameters shows the irregular distribution of the variables (Figure 5.8). None of the 
combinations provided a good fit, with all coefficient of determination (R2) lying below 
0.32. 
 


















Figure 5.7. Linear regression analysis between the wave obliquity and wave height at breaking 
(light grey circles) (R = -0.81), and offshore (dark grey circles) (R = -0.64).   
 
Given the non-linearity between variables, the Canonical Correspondence Analysis – CCA 
was used to evaluate to what extent the response data-sets (morphology and sediments) 
are influenced by the controlling (geomorphological framework) and forcing 
(hydrodynamic parameters) factors. Only some of the variables were selected to avoid 
redundancy (see Subchapter 3.4 – Exploratory Analysis, for explanation).  
Figure 5.9 holds the CCA results, showing the study sites, the beach response variables, 
and the control/forcing variables plotted with respect to the first two canonical axes of 
the CCA. This biplot approximates the weighted averages of each of the study sites (red 
and grey dots) and response variables (blue dots) with respect to each of the 
control/forcing variables (green vectors); the grand mean is represented by the origin 
(0,0) of the plot. 
 
Hb = -0.01b + 2.47
R² = 0.65
























0 20 40 60 80
R² = 0.01



















































vol width Slope Mzface




Figure 5.9. CCA biplot: filled red and grey circles represent study sites (grey represent beaches 
with platforms); filled blue circles represent the beach response variables (VOL – volume 
variation; MzFace – mean grain size; and SLOPE – mean beach face slope); and vectors represent 
the control/forcing variables (BETA – wave obliquity; S/C – indentation index; T – wave period; 
Hb – breaker wave height; and TWL – total water levels). 
 
CCA axis 1 incorporates 93.44 % of the overall variance. TWL and Hb vectors increase in 
the opposite direction of the other three control/forcing variables (Sl/Cl, b and Tp), and, 
as verified earlier, Hb and b have inverse behaviors. Curiously, TWL and Tp also have 
inverse behaviors.  
Regarding the study sites, those that are close together correspond to beaches that have 
similar behavior. The circles are somewhat scattered and no obvious clusters are 
detectable. Still, it is possible to see that the beaches with rocky platforms (grey circles) 
are all (except for MG) separated from the rest of the beaches, somewhat aligned along 
an imaginary line that crosses the Sl/Cl vector halfway on its increasing side, revealing a 
similar and high influence of this parameter on these beaches. Beaches with no-platform 
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(red circles), also seem more or less aligned along a direction that is perpendicular and 
crosses the Sl/Cl vector, but on its decreasing side (not drawn on the graph), and at a 
shorter distance from the origin, meaning that these beaches are more related to low 
indentation indexes and closer to average. NZ, LA and FT are an exception amongst the 
no-platform beaches, lying on the increasing side of the Sl/Cl vector, but still very close to 
the axes’ origin and therefore under a small influence of this parameter. 
BP, BL, and to a lesser degree TM are projected onto the farthest increasing segment of 
vectors b and Tp, and inversely onto the decreasing side of vectors Hb and TWL. This 
indicates that the high wave obliquity (BP=51°, BL=64°, TM=84°) that relates to small 
local waves (as verified earlier) and TWL regimes, is actually a preponderant factor 
controlling these beaches’ behavior. CX is also located on the increasing side of vector b, 
but much closer to the origin, and therefore closer to the average values, and projecting 
onto the increasing side of the TWL vector.  
SJC, LOB, CC, FT and RA are also located on the increasing side of vectors Tp and b, but 
closer to average (ordered in increasing distance along the vector).  PN, PV, SC, LA and NZ 
are on the opposite side of these vectors, showing a relation with increasing Hb and TWL. 
NZ and LA actually have high values of b (NZ=62°, LA=45°), indicating that the wave and 
TWL regime must have a larger influence thanb on these particular beaches.  
BS stands out for projecting onto the control/forcing vectors on their decreasing side, 
relating to an opposite behavior in relation to the other platform beaches. It correlates 
highly with TWL and Hb, and inversely with Tp and b. MG is the only platform beach 
located very close to the origin of the control/forcing vectors, showing a small influence 
of the Sl/Cl vector. This indicates that there is no dominant control/forcing factor 
influencing this beach’s behavior. 
Regarding the response variables, the volume variation parameter is centered on the plot 
and indicates that there is no preponderant relation with any of the control/forcing 
variables. MzFace and Slope, on the other hand are each aligned with one of the vectors. 
Slope is aligned with the Sl/Cl vector, and MzFace is more related with the b vector. 
Again, there are no obvious clusters, but there is a pattern given by the platform and no-
platform beaches general alignments that relate to the indentation index. Platform 
beaches are highly correlated with high indentation indexes, and no-platform beaches are 
less related to this controlling factor, lying at the average to lower values of Sl/Cl. These 
results are in line and reflect the conclusions forwarded at the end of Subchapter 4.1 - 
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Geomorphological framework analysis: more indented beach systems are those that have 
an exposed rocky platform, and no-platform beaches have smaller values of the 
indentation index.  
The plot of study sites scatter around the other control/forcing vectors showing several 
combinations and degrees of influence between them. This is not surprising given that 
the selection of the beach sites aimed at describing the full range of forcing and 
controlling variables. 
Following the CCA analysis, and exploring further the observed pattern between platform 
and no-platform beaches, the beach response variables were again analyzed using all the 
profile data instead of one value per study site. Beach face slope and sediment size were 
plotted together, given their close correlation (Figure 5.10), and beach volume variation 
was plotted against beach width variation (Figure 5.11). 
 
 
Figure 5.10. Scatter plot of beach face sediment size and slope for all the study sites’ beach 
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Regarding the slope and sediment size, the previously detected correlation between 
variables is still visible, but there are no apparent differences between platform and no-
platform beaches. Profiles from both types of beaches spread out through the entire range 
of sediment size and slope values. However, when looking at the volume variation vs 
width variation scatter plot (Figure 5.11), besides the obvious good fit between the two 
variables, there is a clear distinction between platform and no-platform beach profiles. 
The platform beaches are concentrated in the lower part of the range of variation, 
detached from the remaining profiles. The exception are two profiles that show higher 
variations, similar to those of the no-platform beaches.  
 
 
Figure 5.11. Scatter plot of beach volume and beach width variation for all the study sites’ beach 
profiles, discriminating platform (dark circles) from no-platform beaches (light circles). 
 
Furthermore, there are eight profiles from the no-platform beaches that stand out from 
the rest, with higher values of volume variation (>50 m3) and width variation (>15 m). 
When the profiles are grouped into beaches, the plot of the mean values for each beach 
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range of beach variation, clearly separated from the no-platform beaches, with one 
exception (MG) that gets closer to the no-platform beaches, but still with low values.  
 
 
Figure 5. 12. Scatter plot of beach volume and beach width variation for the study sites. 
 
The higher variation profiles that were detected in Figure 5.11 are now convened as three 
beaches – PV, SC and SJC, creating a gap from the rest. These three beach systems are 
located in very different segments of the study area – PV in the northern part, SC in the 
middle section, and SJC in the southern Caparica-Espichel coastal stretch. They display 
different geomorphological frameworks and also experience different wave and total 
water levels regimes, as verified in the Results chapter (Chapter 4) and from the CCA 
analysis. The only similarity between the three sites is that they have the lowest 
Embayment Scaling Parameter value of the no-platform beaches, being the only classified 
as having a transitional type of circulation according to this parameter (Figure 5.3). 
Actually, this is also suggested by the results of the CCA analysis, because the plot of these 

































No platform beaches Platform beaches
- Geomorphological framework control on beach dynamics - 
 
 254 
variability may be controlled by the embayment configuration and relative incident wave 
conditions.  
Figure 5.13 presents the comparison between beach profile volume variation and the 
Embayment Scaling Parameter for all the profiles. Again, the plot of platform beach 
profiles cluster around the lowest values of vol and also lower ’. This confirms 
interpretations from CCA analysis that indicated a large dependency of these beaches on 
the degree of indentation. Regarding no-platform beaches, in spite of a general tendency 
of increasing vol towards lower values of ’, they concentrate on the higher values of vol 
(above 20 m3) and scatter along the ’ axis.  
 
 
Figure 5.13. Scatter plot of beach volume variation (standard deviation) and the Embayment 
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When grouped into beaches, the pattern described above becomes more clear (Figure 
5.14). The platform beaches cluster in the lower vol and ' values. Exceptions are MG, 
that shows some deviation in vol (higher values) as verified previously, and BP, that is 
located towards higher values of ’. BP is the only platform beach classified as having a 
normal circulation according to the ’ and  parameters (Figure 5.4), suggesting that BP 
behaves as an unconstrained beach. The findings from the Results chapter (Chapter 4) 
also emphasized that this site, despite occurring over a rocky platform, displayed 
characteristics of no-platform beaches, especially in its central section. 
 
 
Figure 5.14. Scatter plot of beach volume variation and Embayment Scaling Parameter for all the 
study sites, with indication of the range of values for both variables in the form of vertical and 
horizontal bars for each site. Dashed line indicates best fit for the no-platform beaches data. 
 
The general trend of increasing vol towards lower values of ’ amongst the no-platform 
beaches is evident in the plot in Figure 5.14, and further demonstrated by the line of best 
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of the relation between parameters, and the good fit to a power regression model for no-
platform beaches. Notice that PV, SC and SJC study sites that were previously detached 
from the remaining no-platform beaches, now fit the curve effectively. The observations 
that lie more distant from the rest of the no-platform beaches are the ones from the 
Caparica-Espichel coastal stretch (CC, LA, RA and FT), showing much higher ’ values, 
reflecting their unconstrained character. In Figure 5.15 these four beaches are grouped 
together, because they were considered part of the same beach system (see Chapter 4.1. 
Geomorphological Framework). The new regrouped data for the no-platform beaches 
continue to show a good fit with R2=0.81. 
 
 
Figure 5.15. Scatter plot of beach volume variation (standard deviation) and Embayment Scaling 
Parameter for all the study sites, grouped in beach systems with indication of the range of 
values for both variables in the form of vertical and horizontal bars for each site. Dashed line 




































No platform beaches Platform beaches
- Geomorphological framework control on beach dynamics - 
 
 257 
These results emphasize the high variability of volumetric change among the study sites, 
and relates it to the type of physical boundaries that are present: rocky platform and 
lateral boundaries. 
The presence of a platform may control the available space for the beach to migrate 
vertically, and limit the maximum volume losses. But in the time-frame of the present 
study none of the platform beaches had their sand cover totally removed and the 
underlying platforms fully exposed. The beach surface shifted within the profile envelope, 
regardless of the underlying platform. The only exception was the southernmost beach 
profile at Magoito.  
On the other hand, the presence of a platform may affect the incoming waves, and 
influence the working ability of waves over the full extent of the beach. Results presented 
herein show that the TWL regime was not a differentiating factor between platform and 
no-platform beaches. However, this study simplified the wave propagation from the 
nearshore simulation point, at 15 m depth, until breaking and the transformations 
experienced by broken waves and bores propagating over the platform have not been 
addressed at all. This constitutes an obstacle for further exploration or discussion on the 
subject.  
Still, one might anticipate that the presence of a permanent and rigid obstacle in the surf 
zone, such as a rocky platform, limits the range of wave characteristics reaching the 
subaerial beach. On the other hand, beaches characterized by a mobile substrate (no-
platform beaches) that can assume a variety of different morphologies in the surf zone, 
will necessarily lead to a wider range of wave breaking conditions and subsequent effects 
on the subaerial beach. This accounts for the fact that beaches with no platform varied 
consistently more than beaches with platforms. To what extent the “filtering effect” of the 
platform is absolute, regardless the wave characteristics in deep water or, in some way, 
proportional to both the morphological expression of the platform and incoming wave 
pattern, remains to be explained.  
Within the no-platform beaches, those regarded as unconstrained beaches, such as RA, 
FT and LA along the Caparica-Espichel coastal stretch, or PN, varied the least, whilst 
beaches with the higher degree of embaymentization (lower ’) varied the most.  
Volume variation (vol) at each beach system represents the mean of the standard 
deviation in volume measured from the overall beach profiles. Therefore, it reflects the 
sediment exchanges within the beach system where the source-profiles were measured 
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and  any particular  profile can change in response to cross-shore or alongshore sediment 
transfer across the system. 
In order to evaluate the alongshore component of the morphological variability in beach 
response, the longshore variation index - LVI, was assessed and compared with the 
embaymentization parameter (Figure 5.16). The application of this index is strongly 
limited by the number of profiles monitored at each site (two in some cases and as a 
minimum) and interpretations must take this limitation into account. Still, it is a measure 
of the variability between the several profiles monitored at each beach system, and given 
their spacing, it can provide insights into the dominancy of cross- or longshore processes.   
   
 
Figure 5.16. Scatter plot of the Longshore Variability Index and the Embayment Scaling 
Parameter for the no-platform study sites with at least two monitored profiles. 
 
LVI varies between 0 and 1 with higher values representing greater longshore variability 
in beach response. With due caution in the interpretation, the scatter plot in Figure 5.16 
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correspondent to essentially unconstrained beaches), plot on the left side of the graph 
(LVI<0.5). This indicates predominance of cross-shore processes, whilst the rest of the 
beaches, with higher degree of embaymentization (lower ’) plot in the middle and higher 
values of LVI, suggesting predominance of alongshore processes.  
Results suggest that the beach profile variations that are being detected at the 
unconstrained beaches are mostly due to cross-shore sediment exchange, rather than the 
alongshore sediment movement that probably leaves the beach profile unaltered. The 
constrained beaches, on the other hand, vary in response to the alongshore sediment 
transport processes that, in the presence of lateral constraints, promote beach 
accumulation on the downdrift end of the beach system, making the beach profile change 
differently between both extremities of the embayment. This behavior was detected at 
PV, SC and SJC (see Chapter 4.2). At SJC in particular, seasonal beach rotation was evident 
in the DEM and shoreline change analysis. In modal conditions, the above considerations 
translate in higher beach volume variability along constrained beach systems when 
compared to unconstrained ones. 
The results and interpretation above suggest that beaches with no-platform distribute 
along a continuum and their cross-shore morphology and volume vary in response to 
either cross-shore or longshore processes and sediment transport. Unconstrained 
beaches have open lateral boundaries, therefore, see their cross-shore morphology and 
volume vary mostly with the cross-shore sediment exchanges. These exchanges occur 
with more intensity under extreme oceanographic conditions, and less under modal 
conditions. The constrained beaches on the other hand, are bounded laterally and 
therefore are prone to beach rotation processes promoted by the longshore sediment 
transport that occurs under modal conditions. This explains why constrained beaches are 
more variable than the unconstrained beaches. The detected behavior and patterns exist 
regardless of the backshore features or type of lateral boundaries.  
These results are in agreement with those by Ribeiro (2017) who studied the embayed 
beaches between Peniche and Cabo Raso - a coastal stretch characterized by embayed 
beaches within the present study area. She found a high correlation between beach 
rotation and beach length, concluding that beach rotation increases with the decrease of 
the beach length, and that longer beaches (>1 km), have low-degree of embayment. 
Likewise, results by Loureiro et al. (2012) emphasize the role of beach rotation as a 
prevailing mode of alongshore variability in embayed beaches. 
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Results from the exploratory analysis indicated that the degree of embayment is a 
preponderant parameter in differentiating between platform and no-platform beaches. 
Platform beaches have a restricted range of degree of embayment and typically show 
small embayment widths and accommodation space. Under these circumstances the 
subaerial beach experiences small variations in its volumetric content. Beaches with no 
platform present a wider range of embaymentization conditions, varying between 
unconstrained and constrained beaches, but are always highly exposed to the permanent 
wave regime. On these beaches, subaerial volume variations are expected to be always 
higher than in platform beaches, and to increase with the degree of embayment.  
 
5.3. Conceptual model 
It can be inferred from the results and exploratory analysis that the magnitude of beach 
variation along the study sites is controlled by 1) the presence of a rocky platform; and, 
2) in no-platform beaches, by the degree of embayment and its impact on the beach 
circulation. Figure 5.17 provides a conceptual model of the subaerial beach dynamics 
(given by the volumetric variability) as a function of the geomorphological framework 
(given by the degree of embaymentization and boundaries). Platform beaches typically 
occur as small constrained beaches and experience small volume variations. On the other 
hand, no-platform beaches may vary between unconstrained and constrained beach 
types with different degrees of embaymentization. Subaerial volume variations in no-
platform beaches are expected to be always higher than in platform beaches, and increase 
with the degree of embaymentization and its impact on beach circulation. It is suggested 
that the magnitude of volume variation in no-platform beaches can be approximated by 
the following equation: 
∆𝑣𝑜𝑙= 154𝛿′
−0.36     Eq. 5.1 
The proposed regression model describes a continuum between unconstrained and 
constrained systems in which beaches vary in response to cross-shore or longshore 









Figure 5.17. Conceptual model of the subaerial beach dynamics (given by the volumetric 
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Chapter 6. Conclusions 
This chapter provides the concluding remarks. A summary of the main findings is 
presented in subchapter 6.1 and suggestions for future research are provided in 
subchapter 6.2.  
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6.1. Summary  
This thesis focused on the hypothesis that the geomorphological framework interacts 
with the available coastal sediments and controls the beach configuration and behavior. 
The work was carried out at the seasonal scale and over a two and a half year period, 
along 14 selected sites, representative of a 200 km-long coastal stretch under a meso-
tidal and wave dominated regime.  
The investigation departed from the knowledge that the geomorphological framework 
determines the accommodation space in which the beach develops. It also defines the 
boundaries that condition the migration of beach forms, and thus beach variability. 
Moreover, topographical features such as headlands, submerged sand bars, shoals or 
submarine canyons are known to change the incoming wave characteristics as they 
propagate through progressively shallower waters, inducing large changes in wave 
height and direction of travel, that, in turn, are responsible for differentiated beach 
morphodynamics along the same coast.  
There was also the understanding that the detection of patterns of change and evolution 
of beach sediments and morphology is a difficult task in a context of multiple and varying 
geomorphological settings and forcing factors. Thus, the methodology was specifically 
designed and data were gathered on three major components that regulate beach 
morphodynamics: 1) geomorphological framework, 2) subaerial beach response, and 3) 
hydrodynamic forcing. The datasets were thoroughly analyzed and described to provide 
understanding of each of the components affecting the beach systems, focusing on the 
subaerial portion of the beach, under model process-response conditions. The products 
of the analyses were further quantified to derive metrics and detect an existing spatial 
organization related to the geomorphological settings.  
Chapter 2 provides some of the information that supported the outline and conduct of the 
work. It summarizes the geological and geomorphological setting, including the coastal 
processes and landforms present along the study area. Importantly, it retrieves 
information on the recent historical shoreline change, providing background on the 
balanced sediment budget scenario for the study period. A general description of the 
study sites is made attesting to the myriad of conditions being investigated along a high-
energy coastal stretch that is under the influence of the same general deepwater wave 
regime.  
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The geomorphological framework is described in Subchapter 4.1 and addresses each 
study site in terms of planform geometry and physical boundaries, as well as type of 
nearshore and backshore features. It is shown how variable the geomorphological 
framework is along the study area and how the selected sites are representative of this 
variability. It stands out that beaches with rocky platforms have smaller embayment 
widths and higher degree of indentation. 
In Subchapter 4.2, the analysis of the beach morphology and sediments is presented, and 
geoindicators are used to evaluate and describe the study sites’ seasonal behavior. The 
pattern of change along the quarterly surveys showed that survey timing and resolution 
was appropriate to detect beach morphological and sedimentary variations at the 
seasonal scale. It stood out from the analysis that the magnitude of seasonal change was 
very different between study sites; some beaches varied as much as 500% of their 
average volume over the two and a half years of study (e.g. Paredes de Vitória), whereas 
other beaches experienced volume changes as low as 10 and 20% (e.g. Tamariz and 
Baleal-Peniche) throughout the same period.  
Detailed analysis of oceanographic data was undertaken to describe the hydrodynamic 
forcing affecting the study area. Subchapter 4.3 presents the description of deep water 
wave conditions and provides the results of the wave propagation model used to simulate 
nearshore waves at each study site. The analysis of wave patterns in modal and storm 
conditions of both a 36 year-long  series (adequate to describe the wave climate) and a 
shorter, two and a half years-long series (contemporaneous of the field surveys) attested 
that the  duration of the monitoring program was appropriate to characterize the modal 
process-response conditions, descriptive of a period with no extreme events. Results 
show that there is a distinction between study sites located north of Cabo Raso (from 
Pedras Negras to Magoito) and the southernmost ones, the former sites being exposed to 
a higher wave-energy regime. Total water levels were calculated and validated with local 
field data. Likewise, results showed that there is an alongshore difference in the total 
water levels regime and that the northernmost study sites have higher probabilities of 
occurrence of higher water levels.  
The exploratory analysis presented in Chapter 5 includes the application of the 
commonly used beach morphodynamic models, and statistical analysis of the overall 
data. The Embayment Scaling Parameter provided the better results in what concerns 
quantitative description and categorization of beach morphodynamic behavior, 
consistent with the field data and observations. Correlation analysis and Canonical 
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Correspondence Analysis results provided no evident relationships between the several 
controlling, forcing and beach response variables. The latter methodology, however, 
hinted at the disjunction between platform beaches and no-platform beaches that was 
related to the degree of indentation. Further exploration of this pattern revealed distinct 
behaviors in terms of volumetric changes, with platform beaches varying much less than 
the no-platform counterparts. Moreover, the volumetric variability within no-platform 
beaches was shown to be strongly correlated, although non-linearly, with the degree of 
embayment, given by the Embayment scaling parameter. 
A conceptual model of the subaerial beach dynamics as a function of the 
geomorphological framework is put forth, in which the magnitude of beach variation is 
controlled by: 1) the presence of a rocky platform; and 2) in no-platform beaches, by the 
degree of embayment and its impact on beach circulation.  
Platform beaches typically show small embayment widths and accommodation space, 
and experience small subaerial beach volume variations. Beaches with no platform vary 
between the unconstrained and constrained beach types, and are typically highly exposed 
to the permanent wave regime. No-platform beaches undergo subaerial volume 
variations that are consistently higher than in platform beaches, and these variations are 
expected to increase with the degree of embaymentization. A regression model is 
proposed that describes a continuum between unconstrained and constrained systems 
in which no-platform beaches vary in response to cross-shore or longshore predominant 
transport, respectively. 
The conclusions of this thesis have been far reaching. The thesis outline is, by itself, a 
significant effort in the context of the study of beaches because it was set up to evaluate 
the magnitude and patterns of the beach response among contrasting environments that 
are usually treated and studied separately.  
The present work grows on the existing literature that suggested that other controls, such 
as the inherited geological framework, are important determinants of beach 
morphodynamics. Still, the general literature lacks on field testing of this proposition, in 
part owing to the difficulty in covering a comprehensive description of the variables 
involved. The hypothesis that the geomorphological framework of beaches is a primary 
driver of the morphological beach responses was herein tested and verified, allowing for 
the grouping of beaches according to this criterion. The conceptual model herein 
proposed departs from existing morphodynamic models (that apply only to 
unconstrained beaches) by incorporating both unconstrained and constrained, platform 
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and no-platform beaches. The model relates the constraining boundaries (both lateral 
and vertical) to the beach subaerial dynamics, a descriptor seldom used in the literature, 
but of foremost importance for coastal management. 
 
6.2. Future research 
Field data are essential to describe beach systems and to support empirical and numerical 
models that adequately simulate beach processes and responses through time and space. 
The current research was well supported by a consistent and coherent database on beach 
morphology and sediments, at a seasonal to annual scale, covering a comprehensive and 
regional-scale coastal stretch. It verifies and demonstrates the hypothesis that beaches 
located along a coastal stretch exposed to the same offshore forcing conditions 
experience very different behavior as a result of the control of the geomorphological 
framework. On this note, it is expected that other controls and forcing mechanisms 
remain to be adequately described. For example, the processes responsible for the 
smaller magnitude of subaerial beach dynamics detected on platform beaches remain 
largely unknown. It is suggested that the rocky platforms function as permanent and 
static natural breakwaters, promoting early dissipation of the wave energy and limiting 
the range of wave bore characteristics reaching and inducing changes to the subaerial 
beach. This remains to be tested and demonstrated, ideally by further studying the 
transformation processes that occur in the surf zone in platform and no-platform 
beaches.  
Furthermore, the present work was conducted over a period of modal process-response 
conditions. It would be desirable to test the proposed hypothesis under the occurrence 
of extreme events. 
The conceptual model discriminates between platform and no-platform beaches, but, as 
stated in the introductory section of this work, one must be aware that beaches probably 
fall along a continuum of characteristics that reflect several combinations of similarities 
and differences between them. Including selected beaches from other parts of the coast 
(and the world) in a monitoring program would probably fill the gap between these two 
extreme types of beaches (platform and no-platform), thus increasing the scope of the 
model to fully address the continuity between environments, geomorphological 
framework and beach response, in line with how the coast functions. 





The process of data gathering and analysis was long and, I now see, accompanied by an 
intense process of learning and maturing of ideas. The output of this work certainly does 
not answer all the questions that were put forth in the beginning of the endeavor (and 
that continued to come up along the way), but hopefully will contribute to the growing 
understanding of beaches and help trigger new hypotheses. It is indeed a matter of scale, 
and one can easily feel overwhelmed by the myriad of elements influencing beaches form 
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Appendix B.   Beach geoindicators 
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PPN1 246.58 209.75 150.86 198.74 178.16 223.36 169.34 174.20 - 300.19 218.94 
PPN2 154.48 180.32 103.89 153.02 187.97 180.74 188.23 154.40 - 247.63 154.89 
PV 
PPV1 157.59 319.87 156.82 108.71 95.41 134.92 102.06 65.12 - 18.25 133.56 
PPV2 390.48 498.97 461.86 275.96 252.76 310.96 306.68 206.98 - 269.44 306.45 
PPV3 207.62 223.77 326.77 201.73 169.39 150.40 208.72 102.64 - 221.16 145.83 
NZ 
PNZ1 515.43 515.09 517.21 529.82 598.49 552.20 555.38 555.86 - 543.53 559.31 
PNZ2 729.03 709.07 758.20 776.03 819.80 828.45 836.55 - - 767.75 737.40 
PNZ3 784.08 825.76 873.82 848.86 876.56 868.69 905.10 862.39 - 759.00 821.57 
LOB 
PLOB1 44.35 22.76 - 50.46 92.63 40.99 29.70 5.37 - 18.85 13.17 
PLOB2 112.81 - - 71.48 80.10 125.19 110.49 45.48 - 71.95 31.00 
PLOB3 76.39 95.29 162.95 144.45 168.09 153.49 167.84 113.37 - 78.54 106.32 
PLOB4 - 208.81 230.36 214.78 211.86 218.55 230.98 221.73 - 221.27 215.54 
BP 
PBP1 192.55 207.26 221.00 180.34 197.75 210.87 206.01 194.13 - 198.66 189.52 
PBP2 170.96 - 177.57 170.68 172.50 - 177.54 163.04 - 148.92 158.45 
PBP3 82.86 113.02 98.30 111.66 117.69 80.34 86.43 89.78 - 102.56 70.58 
PBP4 147.44 143.91 147.98 162.05 139.30 136.59 160.49 138.99 - 133.97 154.69 
SC 
PSC1 372.75 310.32 282.50 239.13 238.88 257.44 276.50 208.07 - 292.46 303.09 
PSC2 211.34 258.30 232.89 316.04 416.05 414.76 361.46 356.17 - 202.75 315.52 
PSC3 350.23 427.86 474.99 363.55 414.56 435.24 444.72 427.81 - 214.21 - 
CX PCX1 - 226.73 - - 235.12 - - 257.22 - - - 
BS 
PBS1 28.80 22.31 18.58 27.51 23.71 28.97 20.21 22.55 - 29.78 17.64 
PBS2 64.17 68.56 75.13 54.13 69.60 77.63 72.52 57.00 - 62.07 49.44 
PBS3 133.51 120.74 123.27 107.37 119.51 99.97 109.97 101.95 - 87.03 106.16 
MG 
PMG1 92.99 115.53 112.87 94.24 117.73 150.47 134.04 120.05 - 98.07 104.33 
PMG2 67.94 112.84 91.51 - 57.02 77.48 105.24 111.42 - 45.69 59.25 
PMG3 125.07 85.37 88.71 92.56 - - - - - - 23.04 
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PTM1 25.25 29.24 31.25 26.14 27.84 32.31 32.23 32.49 - 19.19 26.20 
PTM2 98.23 114.52 119.18 105.69 122.96 121.18 125.10 115.38 - 81.08 130.96 
PTM3 131.80 121.74 121.85 116.52 117.19 139.51 134.81 117.02 - 113.73 145.43 
PTM4 123.17 134.12 126.56 138.09 136.82 138.15 130.61 131.55 - 136.67 143.94 
CC 
PCC1 540.13 527.68 422.03 441.84 370.32 352.86 377.07 359.37 316.67 312.91 391.81 
PCC2 450.97 464.61 336.84 335.57 293.11 279.04 294.47 288.38 - 250.06 252.96 
PCC3 373.54 351.09 287.98 271.00 247.63 238.43 247.18 222.13 202.12 181.19 220.89 
PCC4 342.38 315.73 - 342.75 319.98 293.57 328.93 293.11 261.99 208.19 270.63 
PCC5 97.50 146.83 154.32 104.78 89.49 125.21 173.01 118.98 62.60 101.63 81.12 
PCC6 109.54 231.71 251.41 163.72 187.24 190.70 241.49 190.20 156.72 147.55 124.68 
PCC7 - 56.29 86.32 31.41 17.84 80.08 82.17 56.15 20.58 6.50 8.32 
PCC8 - - 81.19 31.86 39.06 68.18 90.35 35.56 8.71 4.54 22.24 
PCC9 - 12.09 20.25 0.89 0.88 10.05 21.86 9.09 15.13 3.00 0.86 
PCC10 74.49 86.86 96.71 92.22 99.43 103.16 110.35 107.96 73.80 - - 
PCC11 25.83 46.88 59.95 20.32 66.18 60.77 70.17 75.25 52.49 39.96 26.80 
PCC12 171.27 183.22 211.30 147.38 198.05 232.96 239.26 208.34 191.46 174.80 164.10 
PCC13 163.14 182.62 218.34 150.30 174.14 196.67 189.09 179.51 155.53 122.20 119.73 
PCC14 169.06 202.80 234.91 156.54 188.11 192.25 182.53 168.17 166.35 133.30 157.43 
PCC15 185.90 203.18 245.84 180.89 230.46 192.46 174.94 158.67 164.19 154.77 100.72 
PCC16 226.55 245.53 300.47 233.08 284.54 310.72 269.57 274.11 258.74 215.67 215.14 
PCC17 152.81 183.10 225.66 192.21 234.33 271.90 276.67 266.07 246.68 240.29 259.57 
RA PRA1 247.45 274.98 310.31 246.21 279.68 285.82 326.04 269.25 273.89 242.02 268.74 
FT 
PFT1 213.30 252.29 245.98 182.35 256.16 226.18 251.62 216.93 203.96 210.78 219.65 
PFT2 200.38 224.64 244.03 192.19 263.02 240.35 262.04 225.93 220.84 228.37 209.81 
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PPN1 64.01 48.63 45.94 57.19 47.13 64.33 43.55 48.51 - 81.31 71.42 
PPN2 44.80 47.59 31.09 45.83 51.24 49.55 51.91 46.43 - 66.08 42.91 
PV 
PPV1 50.12 104.07 47.56 35.15 31.99 45.74 29.70 25.65 - 8.54 59.47 
PPV2 94.92 160.26 114.61 65.57 60.96 81.72 75.56 53.30 - 71.30 73.63 
PPV3 59.83 67.55 95.44 61.17 49.88 43.95 55.29 34.25 - 60.73 38.72 
NZ 
PNZ1 128.41 123.25 120.36 119.54 137.39 129.10 126.20 132.55 103.12 130.20 127.84 
PNZ2 148.95 142.17 151.30 158.74 157.62 162.10 160.31 158.68 - 151.88 144.17 
PNZ3 152.82 158.37 166.01 162.59 163.34 162.84 167.59 160.92 - 145.85 156.19 
LOB 
PLOB1 19.17 10.86 17.53 19.90 34.53 17.23 12.27 0.23 - 4.60 0.61 
PLOB2 55.45 25.89 39.87 26.12 29.03 42.66 36.46 17.86 - 25.73 12.68 
PLOB3 30.62 39.02 64.01 58.04 64.33 51.84 60.06 45.15 - 34.03 42.68 
PLOB4 90.32 95.00 86.82 89.83 94.73 100.02 89.71 - 92.64 91.18 - 
BP 
PBP1 84.55 87.97 90.08 72.53 79.14 88.86 79.42 79.21 - 80.56 79.51 
PBP2 56.01 - 57.06 55.98 54.83 58.16 55.62 52.92 - 45.91 52.07 
PBP3 29.84 43.22 32.18 40.08 40.39 23.98 29.04 34.49 - 38.04 24.63 
PBP4 50.52 52.26 50.30 60.29 47.83 46.07 55.65 49.76 - 43.51 55.62 
SC 
PSC1 93.82 71.61 68.70 69.89 65.19 66.13 71.65 52.40 - 81.02 76.71 
PSC2 54.13 62.20 55.24 75.22 92.20 93.51 75.83 81.08 - 43.84 71.20 
PSC3 85.08 98.89 105.20 74.05 88.06 89.69 96.83 94.65 - 45.67 79.25 
CX PCX1 56.26 63.14 62.05 56.68 60.80 60.73 60.76 66.30 - 59.88 62.73 
BS 
PBS1 12.03 9.66 8.74 11.61 10.40 12.10 9.22 10.40 - 12.41 8.09 
PBS2 22.15 21.01 24.04 22.34 24.40 22.10 21.27 22.00 - 23.45 18.78 
PBS3 38.15 34.17 34.06 37.16 33.90 29.04 31.30 32.11 - 27.14 31.86 
MG 
PMG1 37.10 40.89 42.36 34.07 46.92 51.57 45.04 47.13 - 39.53 39.82 
PMG2 29.01 40.21 32.29 21.96 24.08 28.39 38.68 41.60 - 25.48 27.17 
PMG3 48.50 31.95 31.05 37.60 41.22 32.25 39.74 31.28 - - 10.37 
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PTM1 11.52 12.23 13.31 11.23 12.55 14.00 13.39 15.35 - 7.49 11.31 
PTM2 37.91 38.42 40.44 37.74 41.03 42.10 44.86 40.61 - 29.36 44.59 
PTM3 46.50 43.96 44.76 42.04 42.63 47.59 47.02 45.76 - 39.01 49.94 
PTM4 52.10 50.75 50.56 49.58 49.49 51.43 51.38 52.24 - 52.41 53.76 
CC 
PCC1 173.94 158.36 115.18 120.33 100.78 91.90 103.55 99.11 87.56 84.10 101.67 
PCC2 159.82 145.43 100.60 109.57 95.14 86.39 94.79 93.75 74.27 84.99 75.95 
PCC3 112.66 96.86 75.39 72.80 63.99 61.54 67.34 57.00 58.98 49.76 65.13 
PCC4 98.50 87.48 - 91.68 83.73 72.84 92.56 78.09 72.67 55.78 76.29 
PCC5 38.17 56.82 56.55 40.87 29.66 42.15 64.17 41.59 25.26 38.55 30.29 
PCC6 46.85 79.94 81.64 54.10 63.06 63.29 81.83 62.69 56.41 47.96 41.62 
PCC7 - 24.48 33.03 13.29 5.37 34.13 31.48 22.91 9.58 - 2.84 
PCC8 - - 33.54 13.09 17.56 30.10 36.31 15.23 2.40 - 9.89 
PCC9 - 4.26 6.86 - - - 6.05 - 5.56 - - 
PCC10 24.87 30.18 33.95 32.32 32.49 30.95 33.69 37.55 26.77 - - 
PCC11 12.53 18.85 23.50 8.33 24.16 18.85 22.64 28.69 22.70 16.60 10.34 
PCC12 51.70 56.44 66.67 43.44 61.72 73.33 75.48 64.30 64.15 55.91 51.16 
PCC13 54.21 58.60 69.37 45.54 56.40 60.78 59.30 57.43 52.82 31.99 39.87 
PCC14 54.86 59.85 73.76 46.83 59.27 53.84 54.28 51.21 55.01 40.38 52.41 
PCC15 56.55 64.65 83.52 55.94 61.52 57.48 51.09 45.64 51.67 47.39 33.21 
PCC16 73.98 75.10 96.37 71.37 81.94 92.21 78.21 80.41 77.02 60.95 63.86 
PCC17 56.87 68.63 78.62 62.86 82.42 94.86 96.74 87.22 80.87 78.14 85.92 
RA PRA1 72.58 82.01 88.83 65.53 80.96 89.31 97.06 79.26 82.48 68.28 81.04 
FT 
PFT1 69.61 79.38 76.44 51.80 77.05 68.85 76.55 64.45 61.01 58.98 61.91 
PFT2 62.41 67.68 74.09 53.11 80.53 72.58 77.42 64.90 63.95 60.33 59.58 
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PPN1 0.12 0.10 0.05 0.08 0.07 0.09 0.04 0.04 - 0.14 0.05 
PPN2 0.11 0.12 0.12 0.08 0.11 0.12 0.05 0.05 - 0.13 0.08 
PV 
PPV1 0.03 0.08 0.03 0.05 0.05 0.05 0.03 0.04 - 0.11 0.02 
PPV2 0.01 0.05 0.05 0.05 0.04 0.12 0.03 0.05 - 0.12 0.12 
PPV3 0.03 0.03 0.06 0.04 0.04 0.12 0.15 0.11 - 0.12 0.09 
NZ 
PNZ1 0.14 0.13 0.15 0.15 0.14 0.13 0.11 0.07 - 0.14 0.16 
PNZ2 0.14 0.12 0.15 0.15 0.15 0.18 0.17 0.09 - 0.18 0.15 
PNZ3 0.13 0.11 0.18 0.14 0.17 0.17 0.17 0.11 - 0.13 0.18 
LOB 
PLOB1 0.07 0.10 0.14 0.09 0.08 0.05 0.06 0.10 - 0.05 0.04 
PLOB2 0.06 0.03 0.07 0.06 0.03 0.08 0.05 0.05 - 0.09 0.02 
PLOB3 0.03 0.02 0.04 0.03 0.02 0.09 0.03 0.03 - 0.02 0.02 
PLOB4 0.03 0.03 0.02 0.02 0.03 0.02 0.02 - 0.02 0.02 - 
BP 
PBP1 0.03 0.03 0.03 0.02 0.02 0.03 0.03 0.02 - 0.02 0.02 
PBP2 0.03 - 0.03 0.03 0.03 0.04 0.03 0.03 - 0.03 0.03 
PBP3 0.08 0.03 0.02 0.04 0.05 0.05 0.04 0.04 - 0.03 0.05 
PBP4 0.02 0.02 0.03 0.03 0.02 0.04 0.02 0.03 - 0.02 0.02 
SC 
PSC1 0.15 0.11 0.11 0.05 0.11 0.04 0.07 0.09 - 0.03 0.10 
PSC2 0.17 0.13 0.13 0.07 0.13 0.09 0.13 0.10 - 0.02 0.11 
PSC3 0.16 0.14 0.13 0.15 0.10 0.08 0.10 0.11 - 0.06 0.12 
CX PCX1 0.13 0.08 0.14 0.10 0.11 0.13 0.11 0.08 - 0.10 0.10 
BS 
PBS1 0.15 0.13 0.15 0.15 0.15 0.16 0.16 0.14 - 0.13 0.15 
PBS2 0.16 0.15 0.13 0.12 0.15 0.16 0.15 0.09 - 0.09 0.14 
PBS3 0.14 0.14 0.15 0.15 0.14 0.15 0.14 0.10 - 0.12 0.15 
MG 
PMG1 0.03 0.08 0.09 0.05 0.04 0.07 0.05 0.03 - 0.05 0.09 
PMG2 0.04 0.10 0.09 0.03 0.08 0.04 0.05 0.04 - 0.03 0.10 
PMG3 0.03 0.05 0.08 0.04 0.07 0.04 0.05 0.03 - - 0.07 
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PTM1 0.11 0.12 0.12 0.11 0.12 0.11 0.12 0.12 - 0.06 0.12 
PTM2 0.11 0.12 0.11 0.11 0.12 0.11 0.13 0.14 - 0.04 0.13 
PTM3 0.11 0.10 0.11 0.09 0.09 0.12 0.13 0.11 - 0.04 0.11 
PTM4 0.09 0.11 0.11 0.12 0.12 0.12 0.12 0.10 - 0.05 0.11 
CC 
PCC1 0.05 0.10 0.04 0.02 0.03 0.02 0.04 0.03 0.09 0.02 0.05 
PCC2 0.06 0.11 0.05 0.04 0.03 0.02 0.04 0.02 - 0.03 0.06 
PCC3 0.07 0.11 0.06 0.06 0.03 0.03 0.06 0.03 0.05 0.05 0.06 
PCC4 0.10 0.09 - 0.06 0.03 0.03 0.05 0.03 0.04 0.07 0.06 
PCC5 0.07 0.10 0.06 0.08 0.05 0.02 0.05 0.03 0.06 0.04 0.05 
PCC6 0.05 0.10 0.06 0.07 0.03 0.04 0.03 0.03 0.04 0.06 0.06 
PCC7 - 0.09 0.05 0.10 0.04 0.03 0.03 0.03 0.08 - 0.10 
PCC8 - - 0.03 0.06 0.04 0.03 0.02 0.04 0.09 - 0.07 
PCC9 - 0.07 0.04 - - - 0.03 0.04 0.06 - - 
PCC10 0.03 0.13 0.04 0.08 0.04 0.03 0.02 0.03 0.07 - - 
PCC11 0.11 0.06 0.03 0.06 0.05 0.02 0.02 0.03 0.05 0.09 0.05 
PCC12 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.07 
PCC13 0.04 0.02 0.02 0.03 0.03 0.02 0.02 0.02 0.04 0.02 0.06 
PCC14 0.09 0.03 0.05 0.03 0.04 0.03 0.03 0.04 0.04 0.04 0.05 
PCC15 0.03 0.06 0.03 0.05 0.04 0.07 0.07 0.04 0.05 0.03 0.09 
PCC16 0.02 0.13 0.03 0.04 0.04 0.05 0.08 0.04 0.06 0.05 0.09 
PCC17 0.02 0.03 0.02 0.02 0.03 0.02 0.13 0.03 0.05 0.05 0.02 
RA PRA1 0.02 0.02 0.01 0.03 0.02 0.02 0.02 0.02 0.03 0.03 0.02 
FT 
PFT1 0.13 0.10 0.06 0.04 0.05 0.09 0.05 0.04 0.05 0.03 0.06 
PFT2 0.13 0.13 0.05 0.02 0.06 0.11 0.04 0.04 0.05 0.03 0.08 
LA PLA1 0.15 0.18 0.13 0.13 0.09 0.06 0.14 0.09 - 0.14 0.14 
 
 
 
 
